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(  i  nil muously  vi i ii ml. in nf  advances  in  ilk'  aerospace  sciences  i  clcy  ant  to  si  i  cue  then  me  the  i  <>i  union  del  ciu  i  posiutc 

I  lllpi  "V  I  Ilf  I  lie  Co  opcl.lt  loll  .llllollg  IllCUlbci  II. Ilk  ills  III  aerospace  I  esc. II ell  .Hid  development 

I ‘iik  klnif  k k  in  1 1  k'  .mil  kvlnik  .il  ,nl\  kc  mid  assisi.mcc  lo  l lie  \« ii  ill  Atlantic  N1  ilil.n  \  (  ommillci  m  the  held  ol 
ad  "space  icsc.ticli  aikl  development; 

Kv  mlci nif  sciciinlic  ami  kvliincal  assislancc.  as  rev|ucstcd.  In  oilier  NA  1  ( )  bodies  and  lo  incinlvi  nalions  in 
connection  with  lescarcli  aiul  development  problems  in  ihc  aerospace  field: 

I’ok  nliiif  assislancc  lo  member  nations  lor  the  purpose  ol  increasing  their  scienlllic  and  leclinical  potential: 

Kcs  min  nc  ndi  iif  et  I  cense  \sa\s  lor  the  mentbci  nations  to  use  their  research  anil  des  elopinent  capabilities  lor  the 
coni inon  bench l  ol  the  N  A  I  < )  community. 

I  lie  luelicsi  authority  within  AC  iARI)  is  the  National  Delegates  Board  consisting  of  officially  appointed  senior 
i  cpiescni.il  nes  I  loin  each  member  nation.  Ihc  mission  ol  A(  iARI)  is  carried  out  through  the  Panels  which  are  composed  of 
espeits  appointed  by  the  National  Delegates,  the  Consultant  and  Ixehange  Programme  and  tile  Aerospace  Applications 
studies  Pi oe i. inline  1  he  icsiilts  ol  AC  iARI)  work  are  reported  to  the  member  nalions  and  the  NATO  Authorities  through 
i  he  \  C  i  \  R I )  senes  ol  publications  ol  which  I  Ills  is  one. 

Pat  t  ieip.it  ion  m  \(  i.ARD  act  m  ties  is  In  ins  nation  only  and  is  normally  limited  lo  citizens  of  the  NATO  nations. 


1  lie  content  of  this  publication  has  been  reproduced 
diiccllv  from  material  supplied  by  AC  iARI)  or  the  authors. 


Published  ( >elobcr  I  *)S4 

(  opyrifhl  c  ACiARI)  |os4 
All  Rights  Rcscrred 

ISBN  'O  S  )s  |l  l(,7  S 


I'niili  tl  In  Sp.  i  niliwif  I’nnnnx  Sen  i<  c\  /  inuh’tl 
Hi  (  hniwrll  I  iiiir,  I  n ndiloii.  /.  y set  l(illl  i  I  / 


1MKMI 


\s  diuital  ii  ansinission  sx  stems  become  more  widespread,  ami  as  data  rales  eoiiliiiually  increase.  the  problems  posed  In 
propagation  elicits  beeome  more  scxcrc.  ami  are  the  subject  of  nuieli  eurrenl  research.  This  research,  scattered  amongst  the 
N  \  1 1  )  nations,  is  Ivins:  conducted  in  I  requeues  hands  and  lor  systems  which  are  of  great  military  importance,  lor  example. 
.11  III  there  is  a  need  lor  air  ground  communication  links  at  2.4  kbps  and  above  which  is  a  difficult  technical  problem 
because  ol  multipath  cllccts  and  man-made  interference,  as  well  as  naturally  occurring  noise  effects.  In  the  V  I  If-'  I  d  II  bands 
IT  AI  resistant  systems  are  being  developed,  the  performance  of  which  will  be  strongly  influenced  by  propagation  effects, 
such  as  jammer  detection  range  and  hence  jammer  reaction  time.  etc.  In  the  microwave  hands,  line-ol -sight  and  troposcatter 
are  used  cxtvnsixelx  on  trunk  mutes  which  will  increasinglv  become  digital  links.  At  the  moment  the  propagation  problems, 
paitieulaih  multipath,  are  not  well  codified  and  the  best  technical  solutions  are  not  clear. 

I  he  meeting  rex  iewed  propagation  cflects  w  Inch  have  an  influence  on  the  performance  of  digital  systems,  including: 
noise  level  and  svstem  sensitivities  to  noise;  man-made  interference  types  and  system  sensitivities  to  man-made  interference; 
and  multipath  effects,  dispersion,  fading  rates  medium  coherent  bandwidth,  channel  models,  and  system  sensitivities  to  these 
elleels.  I  lie  meeting  also  rex  iewed  s\ stents  designed  to  counter  the  above  effects,  including  the  various  kinds  of  adaptive 
sxstems.  and  assessed  the  performance  improvements  which  they  can  provide.  The  Avionics  I’anel  assisted  in  the 
preparation  ol  this  Svmposium. 


*  *  +  * 

\u  lur  el  a  mesure  que  les  systemes  dc  transmission  numcrique  se  generalised!  el  que  s  accroissent  les  debits  de 
donnees.  les  diets  de  la  propagation  posent  des  problemes  plus  critique  qui  font  l  objet  d'une  soninie  considerable  de 
teeherches.  (  cs  recherehes.  reparties  entre  les  pays  de  I'OTAN.  son!  menees  dans  lies  bandes  de  frequence  et  pour  des 
sxstemes  qui  presentent  title  unportanee  extreme  au  plan  militaire.  (  "est  ainsi  que.  dans  le  domaine  des  otules  deeantetriques, 
la  necessite  do  liaisons  air  sol  a  2.4  kbps  et  plus  s'impose,  ce  qui  cree  un  delicat  problemc  technique  en  raison  des  echos,  des 
mterlerences  creees  par  I'homme.  ainsi  que  lies  elfets  des  bruits  nalurels.  Dans  les  bandes  d'ondes  metriques  et 
deeimetnques  sont  actuellement  dexeloppes  des  systemes  resistants  aux  eontre-mesures  elect roniques  ilont  le 
tonetionnemenl  sera  lortement  inlluence  p;tr  les  elfets  de  la  propagation  tels  que  pol  ice  de  detection  —  d'oii  temps  de 
reaction  des  brotiilleurs.  etc.  Dans  les  bandes  de  miero-ondes.  il  est  largcment  fait  ttppel  it  la  ligne  de  visee  et  a  la  diffusion 
troposphenque  le  long  des  ilineraires  principuux  qui  deviendront  de  plus  en  plus  des  liaison  numeriques.  Pour  le  moment, 
les  pi i iblemes  que  pose  la  propagation,  en  parliculier  cellc  qui  s'el lect tie  sous  plusieurs  angles,  tie  sont  pas  hien  eodifies  et  les 
meilleurs  solutions  techniques  n'apparaissenl  pas  clairement. 

An  emirs  de  la  reunion  etaienl  examines  les  elfets  de  la  propagation  sur  le  lonetionnement  des  systemes  numeriques; 
entre  autres:  imeaux  de  bruit  el  sensibilite  des  systemes  au  bruit;  types  d'interferences  creees  par  I'homme  et  sensibilite  des 
sxstemes  a  ees  txpes  d  inlei lerenees:  echos,  dispersion,  taux  d'affitiblissement.  largcur  de  bande  coherente  moyenne,  modeles 
de  eanaux  et  sensibilite  des  systemes  a  ees  elfets.  1  latent  egalement  etudies  les  systemes  adaptifs,  en  mime  letups  qu'etaient 
exaluees  les  ameliorations  de  lonetionnement  que  permetlenl  ees  systemes.  I.e  Panel  d'Avionique  apportait  son  coneours  a 
la  preparation  de  ee  Svmposium 
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|’.i|  vi  s  i'k'm.' mat  .il  l  ho  1110011110  oi  n  oi  oil  all  aspools  ol  llio  I  homo.  m>  lh.it  llioso  (  i  mtoi  onoo  I’i  >  vooilmos  pi  om.mii  a  I  at  In. 
v  a  Miipiohonsno  mii  \o\  ol  tho  our  ion!  stalo  ol  I  ho  nr I.  1 1  oaiinol  ho  olaimoil  lh.il  all  llio  pnihlonis  li.no  Ivon  sohoil  ilolinilixoh 
I ni l  a  w  ulo  i  anoo  >  > I  pi issihlo  loohnii|iios  wot  o  dosonl  vil.  aiul  it  i v  oloai  llial  s\  slom  ilosionoi  s  has  o  a  1 10I1  sot  ol  i  osonu  os  al 
ilk'll  .  I  ispi  is.lt 

I  I  io  mooli  no  uai  m  I  anooil  m  a  mmilvi  ol  sossions.  I'.K'h  with  ils  own  Sossii  m  (  lui  imam  aiul  I  lio'o  l’i  >  >ooo iIiiil1'  I  i  >ll< 
ilk  saiiio  a 1 1 aiioomonl.  I’apoi s  hi  oaoli  Sossion  aro  pi  oooiloil  In  a  Sossion  Snnimari  .  pio\  nloil  I",  llio  Sossion  (  liau  man. 
w  Ino h  w  ill  onal’lo  lo.kloi  s  lo  ohlain  i|niokl\  anmon  low  ol  papoi  s  in  llio  Sossion,  I  ho  In  si  papol  in  o.k  Ii  Sossion  io\o  o -pi  I IH 
was  an  in\  iloil  l<o\  ion  I’apoi  I  aoh  papor  \\ as  lollowoil  In  a  pound  < >1  ihsoussion.  sumo  "I  w  hu  ll  is  on  on  hoi  o  ii'ini'  I* >i  ilk 
mosl  pa  1 1  (,)uosl  ion  anil  Answoi  shoots  pro\  iilo-il  In  llio  mil  i\  iiluals  oonooi  noil  In  a  low  oasos  n  was  nooossai  s  lo  nhi  la  pi 
i i  s  oi ih nos  hollow  ino  oaoli  Sossion  (oxoopl  Sossion  I )  a  moro  oonoral  ilisoussion  look  plaoo.  ami  this  has  Ivon  lopi  mluooJ 
1 1’  1 1  'al  tin  as  1  a  i  as  possiblo.  usino  a  tnpo  room  ill  no.  with  llio  oililino  nooossai  \  in  llio  conioi  sion  It  om  llio  spokoii  wool  lo  ilk 
w  i  it  Ion  woi  it  I  ho  oililor  hi  ipos  llial  this  prnooss  has  not  ilislortoil  llio  spoakoi  s  lliouohls  Inn  n  is  loll  llial  ilk  inolnsn  m  ol  I  lu 
inlm  i  na  I  niaioi  lal.  oon  lain  ino  a  luinihor  ol  inloroslino  suoooslions.  w  ill  onlunoo  llio  \aluo  ol  iliis  \ohinio.  lo  pai  in  ipanls  ami 
non  pai  lioipanls  aliko. 


i  ii hi  'i  mi 

I  ilitor 


C  It .11 !  111. Ill 


1  I K  I  ROM  Af.NK  1 1(  \\  A\  I  PR<  H'ACA  1 1<  )N  IVANKI 


Di  I  II  Hlslhc 

(  ommumcations  Research  I  ah. 
Man.. >m  KcM.an.li  Centre 
\\  ol  1  laiiniiii'lk  l.l  Roasl.Ot  Ikukloss 
(  hclmsloisl.  I  ssev  (  ‘M2  SUN 
IK 


Dcputs  Chairman:  I  )r  I  I.Soielier 

l  S  Arim  ( nmmunications 
llcclronic  (  nul 
(  cntci  lor  (  ommuniealions 
S\ stems 

Attn.  DRSI  I  (  OM-KN- 1 
Port  Monmouth  N..I.  ( 1 7 7 1 ) . s 
ISA 


I'KCHMCAI.  PROORAMMK  COMMIT!  UK 


Dr  .1.1 1. HI st he  (Co-C  ‘hail man) 
M.i'.  ini  Research  (  'em  re 
( neat  Ikukloss 
(  helmstoril.  C  M2  MIN 
I  K 


I  >i  W  . I  ‘ t hint  ((  o-(  hail man ) 
Director.  I  IS  NTIA 
Department  ol  ( 'ommeree 
Bouklcr.  (OSII.lll.l 
ISA 


COMMITTKK 

I  )r  P.I.Diamoiul.  I  S 
Prof.  C ioutelaid.  PR 
Prof.  A  N  Inee.  I  T 
Dr  P.W.I  .ampert.  (I! 
It. .).  1  .Neesseii.  N1 
I’rol.  S.M.Schcttgi.  I  I 


HOST  NATION  COORDINATOR 

I  )r  Mas  rokouhoulaki-. 

I  eehnolosts  Research  Centre.  K1  I  A 

I  )elta  Palirou 

I’.il. non  laliron 

Athens 

( n  eeee 


PANI  I.fXKl  IIM 


I  I.  Colonel  I  If  Russell 
A(  i  \RI)  Ol  AN 
me  Aneelle 

'<22i n  i  Neuills  -sui  Seine 
I  ranee 

I  elephone:  I  I  |  ”45  ns  Ml 


I  rom  l  S  ami  (  anasla 
\<  i.AKI  )  NAIO 
APONcss  Xoikto”7 


I  eles  <i  I  il  I  ”0  I 


(ONI  IMS 


1'apc 


I  III  Ml  iii 

IMKODI  <  IION  ix 

MU  I  INC,  \M)  I'\N1  I  OKK1C  I AI.S  x 


Kefercnci 


s|  SSION  I  -  I’ROI’  AC.  A  1ION  CONS  I  RAIN  IS  K)  RKI  I  ABI.K  l)l(,l  I  Al.  ( OMMI  NIC  VI  IONS 

(  II  AIRM  AVS  SI  MM  ARV  (  SI 

I  IMI  IS  OK  llll  l’ROI’  AC.  A  1  ION  Ml  Dll  M  Willi  Rl  SIM  (  I  IO  DK.I  I  Al  SK.NAI. 

I  R  ANSMISSION 

In  K.AA  .l.ampiTt  I 


I’RC  )l*  \(.  V  I  ION  Oh  AAIDK  B  ANOAA  11)111  SK.N  AI.S  IN  A  I  ROI’OSI’IIKRIC  1)1  (  I  INC, 
Ml  Dll  M 

In  N.k.l  /nnnnlu 


DIC, I  I  \l.  DA  1  \  (  OMMI  NIC  AI  IONSOAKR  MIC  ROW  AM.  RADIO  C  IIANNI  I  S 

In  .I.Sal/  A 

I  III  AIR-IO-AIRC  OMMI  NIC  A  I  IONS 

In  I’.N.K.draos  4 


I'ROI'M.MION  INh'l.l  h  NC  ISON  INK  IM  RhORMANC  I  ()1  A  RIDl  C  ID  BANDW  ID  I  H 
(,)l  \DR\II  Rl  IMI  \SI  Sllll  I  KIM  I)  DK.IIAI,  RADIO  SA  SI  KM 

In  .1.1  .Dolilt-  5 


I  <,)l  MOKI  AI  I  R  \NS-|ON(  )SIMII  RIC  I’ROI*  \(.A  I  ION  CONDI  I  IONS  AH  I  (  I  INC. 

I)l(. II  M.COMMl  NIC  \  I  IONS 

In.I.Varons  6 


l*R<  )l’  \(.A  I  ION  II  IKC  ISON  llll  DOIMM  1  R  KRI  01  l  NO  S|  UK  I  OKSAlKKI.HK 
IRVNSMISSIONS 

l»\  ( . . 1 1 . N 1  illman  anil  M.C  .  \raltadjis  7 


INI  I  I  I  NC  I  1)1  I  \  I’ROI’AC.  VI  ION  DANS  I  IS  h  AISCKAl  \  III  RI/IKNS  Nl  Ml  RIC.)I  IS 

par  I.Biirs/lcjn  K 


llll  IMI*  AC  I  Oh  I’ROI’AC.  A  I  ION  KhKIC  ISON  I  III  DKSIC.N  OK  I  IK. 1 1  (  A  I*  AC  I  IN 
DIC. I  I  M  MIC  ROW  AM  I  INKS  IN  llll  I  S  (.11/  KKK(,M  INC  N  BAND 

In  I  x  .in  d<  r  I  lin  k,  \  \laxxira  aml  .I.Nx  rsst  n  *) 


S|  SSION  II  A-RKKNI  I’ROC.RISSIN  I’ROI’AC,  A  I  ION  MKASl  RKM1N1S  AND 

I’ROI’AC.  A  I  ION  MODI  I  S 


<  II  AIRA1  AN  ssl  MMARN*  C  S|l  A 

\  Rl  All  AA  Oh  AIMOSI’III  RIC  Ml  I  I II*  A  I II  Mi  AS!  RKMINIS  AND  DIC, 1 1  AISNSIKM 
Cl  Rl  c  *R\|  \N<  I 

In  R  AA  .1  luhlx.iril  10 


I  III  (  OAIAII  NIC  A  I  IONS  I  IIROI  (.11  IORIS  1 1  I)  I’ROI’AC.  A  I  ION  (  II  ANNh  I  S 
In  A  Si  hm  nil  r 


I  I 


All  I  I II*  A  I II  AND  DC  >1*1*1  I  ROBSIRA  A  I  IONS  1)1  RINC.  IRANSAll  ANIIC  DIC. II  Al 
III  I’ROI’AC,  AIION  |  \|’|  RIMI  NIS 

In  It.AA  Ri  hum  li.  K.Bilil.  M.  Aliim  il.  I  I.S.iirlu  r,  I  C  .i.rnian  and  J.C  ..liHln^m-  I  2 


N,.i  .tx.iil.tliU  al  turn  ..I  prinliiiu. 


Reference 


AN  IONOSPHK.RK  MODK  DK I  KC  1  ION  SA  S I  KM  KOR  UK  DAI  A  (OVIMI  MCA  I  IONS 
AIMM.1C  VI  ION 

h>  I  Bjorns  and  P.K.Havhurst  13 

WIDKB.VND  KINK-OK-SIC.H  I  CUAWKl.  MK  ASl  RKMK.N  IS  AND  S1MI  I.A  I  ION: 

MMM.K  VI  ION  l  <)  DU;i  I  M.  RADIO  KINKS 

In  R.Yalenlin  and  K.Met/j>er  14 

DKSK.N  (  RIIKRIA  KOR  I  IMII  KD  SC  AN  AN  1  I  NNAS  A  I  DIC.I  I  AI.  MIC  ROVV  AVK  KINK 
OK  SIC. H  I  KINKS 

In  I  .IMiylithart  I  5 

DISC  l  SSION  Of  SKSSION  II  A  DIIA 

SKSSION  II  B  —  RKCKNT  PKOC.RKSS  IN  PROPAGATION  MKASl  RKMKMS  AND 

PROPAGATION  MODKI.S 

C  HAIRMAN  S  SI  MMARN  C  SIIB 

A  COMPARISON  BKIVU.K.N  PRKDIC  1KD  AND  MKASl'KKD  PROPAGATION  LOSS  IN  THK 
V  HK/KIIK  RANC.K  IN  RKC.C.KD  I  KRRAIN 

In  K.Besserudhapen.  N.Klippenberp  and  M. Norland  16 

SOMK  PROP  \(>A  I  ION  KXPKRIMKN  I AK  Rl  SI  I  I  S  ON  PRO  I  KC  I  ION  I  KC  HNIQKKS  KOR 
I  lNK-OK-SI(;ill  DIC.I  I  AKSVS  I  KMS 

h>  K.Kahbri  17 

S\  S 1 1  MK  DK  Ml  SI  RK  DCS  C  ARAC  I  KRISIIC^l  KS  Dl  C  AN  Al.  lONOSPHKRIQI  K  POI  R 
I  I  S  I  RANSMISSIONS  Nl  MKRIQKKS 

par  V  .M.I.e  Rniix.  I  . Bertel.  .I.P..Inli»el.  P.I.assudrie-Duchesne  el  H. Rouault  18 

MKSl'RKS  DK  PROPAC.VI  ION  KN  ZONK  l  RBAINK  A  MOO  Mil/  POI  R  I.  K  I  ABI  ISSKV1KN  I 
D  l  NSNS  I  KMK  RADIOMOBIKK  Nl  MKRIC^l  K 

par  C  .lla\el  and  A.Maloherti  19 

MKASl  RKMK.N  I  S  AND  PRKDIC  I  IONS  OK  Ml  1. 1  IPX  III  DISPKRSION  KOR 
IROPOSC  \l  IKR  KINKS 

h\  R.I.arsen  20 

DISC  I  SSION  Ol  SKSSION  ||  B  DIIB 

SKSSION  III  -  C  IIANNK1.  SIMM  A  l  ION 


<  II  AIRMAN'S  si  MMARA  (Sill 

DIC.I  I  AI.SIMI  I.  A  I  ION  Of  <  OMMl  NIC  AIIONSC  II  ANNKI.S:  AN  OVKRVIKAA 

In  .).<  .Hitll/man  and  K.S.Shaniminan  2  I 

I  <  IS  \||(  ROAA  A\K<  IIANNKI  SIAM  I  A  I  ION  -  A  SI  RA  I  A  Of  MODKI.S.  Rl  AI.I/.AIIONS 
AND  Nf  AA  (  ONC  I  PIS 

In  .1.  A.IIolTinexer  and  AA  ..I. Hartman  2  2 

SIAM  |  A  I  ION  Of  I  Ilf  IM  Rl  ORM  AM  I  Of  AD  API  l\  II A  <  ON  I  ROI.I.I  I)  N  A\  S  I  AR 
AN  1 1  NNASIN  B  A  I  III  fill  DSC  INARIOS 

In  f  .Klinker  and  O.B.M.Pietersen  23 

AN  II  I  SIMI  |  A  I  OR  f  OK  l  SI  AM  III  Rl  AK  I1MK  C  II  ANNf  I  f  A  AH  AllON  SASIKAIS 

In  I.Dansnn  24 

I  II  1)1  I  IIIC  )RK.)I  I  Dl  N  SI  All  KAMI  RDVNAAIIC^l  I  DIA  ANOI  ISSI  All  NIS 
SI  |  fl  IlfSPOl  Kf  AIS(  f  Al  MIKRI/IINSNI  All  RICJI  IS 

par  A.Bouidene  el  P.A  andannne  23 

DISC  I  SSION  Of  Sf  SSION  III  Dill 


SI  SSION  IV  —  SUiN  VI  l’R<  HI  SSIN(.  IK  IINOUX.V 


(  1 1  VIRM  \VS  SI  MMVRV 

\l) VI’ 1 IV  I-  SK.NAI.  l’RO(  I  SSIN(,  K)K  RADIO  < OMMI  NICMIONS 
In  I’AlmtM'ii 

I  VSi  SVN(  IIKOMSA  I  ION  MODKM  I  OR  l  III  SI’RK  VD-SI’K  1  Rl  M  (OMMI  MCA  I  ION 
SV.NII  M 

In  R.Skauuand  I M  liaison 

\  IK  IIM(  VI.  SOIl  I  ION  I  OK  VI)1N(.S  IN  SMI  I  I  III  DK.I  I  VI.  I  R  VNSMINSM )NS 
In  (..l.os<|uadrn  ami  V.l.nron/oni 

I’apor  21  nilhdrawn 

1 1 M I  \M)Sl*\(  I  DOMAIN  III  II  RIN(,  I  OR  IMI’ROVKI)  IIKCOMMl  NICAIION 
In  R.N. Smith  and  R.l  ..Monos 

OURVIKVV  Ol  RVDC  VDVIMIVK  VN  I  I  NN  V  DKV  KI  OI’MI  N  1  S  KOR  (  OMMI  NICAIIONS 
In  .1.  V.l.ranoiro,  (  .J.l.mora  and  .I.R.i’oriard 

I  R  VNSMISSION  VSV  N(  IIRONI  V  IOR  I  I  I  VI.K.MKNI  1)1  SIMA  I  Rl 
par  M.Soliilliyor  ol  (  .l.oloup 

I’apor  V.V  uitlidraun 

l)IS<  l  SSION  Ol  SI  SSION  IV 

SI  SSION  V  -  SK.NAI  I  INC,  \N .)  SOI  NI)IN(,  S<  III  MI  S  KOR  RKl.l  ABI.K 
DK.I  I  VI. COMMl  NICA  I  IONS 


(  II  VIRM  AN'S  Si  MMVRV 

VRKAIK.WOK  I  R  VNSMISSION  AND  CHANNK.I.  K.V  VIA  VI  ION  I  K  HNIQl  I  S  KOR  DK.I TAI. 
(  OMMI  N I <  V  I  ION  SV  S  I  IMS 
In  M.Darnoll 

I’apor  An  nit  ltd  rami 

MODKM  V  (  ODK.S  I’SK.l  IX)  OR  I  IKX.ON  Al  \:  RI  Sl  I  I  V I S  KM’I  RIMKN  I  VI  X 
par  l  .(  liasand.  D.Dosayo.  (  .(.nntolard  ot  .1.1’. Van  (  IT civil 

(  <  >1  >  \<  ,|  (  ORRK  III  RDKRRI  l  RS  I’Ol  R  MODKM  VI  I O  VI)  VI’  I  V  I II  .  RISl  1.1  VIS 
IIIIORIOl  I  S|  I  I  Xl’KRIMI  N|  VI  \ 

par  I  .(  h.naml.  (  .(.nntolard  ol  S.llarari 

V  Ml(  ROI’RtX  ISSORI  ON  |  ROM  |  |)  I’ VR  VI. Ill  MODKM  VM  III  KDI’SK 
In  II  I  Itndinu 

IRVNSMISSION  |)l  DONNI  I  SSI  Rl!  V  (,R  VNI)  DKIil  I  Si  R(  VN  VI  III 
par  .1.1*.  V  an  I  ITolon  ol  V.Doomioho 

I  \S|  I)  VI  V  VNI)  VO|(  K  I  R  VNSMISSION  IOR  MOItll  I  S|  R\  l(  I  S  \M  1 1 1  IIK.II 
IMMI  N  |  |  V  V( .  VINS  I  Ml  I  lll’VII!  VNI)  ('()-(  II  VNNI  I  IN  1 1  Rl  I  Rl  N(  I 

In  I  I  anuowollpntt 

N  VRROVVB  VN|)  ‘  SI’RI  VI)  S|’|  (  |  R|  M  SV  S  I  I  MS 
In  R.l  I.  Vnnooko  and  M.Ollka 

Mill  I IV  |  Mil  I  IMI  1 1  R  VV  V\  I  I  R  VNSMISSION  I  N|)l  R  S|  V  I  Rl  Ml  I  I  II’ V  I  II 
<  < ) N |  > I  I  IONS 

In  I  Sr  lull/  and  <  .1  Inluon 

l)|s<  |  SS|(  )N  ( >1  SI  sslt  )N  V 

I  IS  I  Ol  I’VRIK  II’  VN  I  S 


CSIV 

26 

27 

28 

VO 

VI 

,V2 

DIV 

CSV 

V4 

V6 

,V7 

,V8 

VI 

40 

41 

42 
l)V 

I’ 


(SI-1 


NUMMARY  OF  SKSSION  I 

l’ROI’-\<«A  1  ION  CONS  I  RAIN  I  S  TO  RKI.IABI.K  DIGITAL  COMMUNICATIONS 


In 


I’rof.  ('.(ioulelanl 
Session  (  hairm.m 


I  .1  session  I  a  ele  eons.ieree  ,iu\  conlraintcx  de  la  propagation  slit  la  qualite'  ties  transmissions  mimeriques. 

An  lours  ile  eelte  session  les  ililterents  auteurs  et  les  inlervenants  out  aborde  qualre  points  fondamentaux: 

les  phenomenes  physiques  ile  la  propagation  et  leur  manifestation  an  niveau  ties  svstemes. 
la  delimtion  et  la  moilelisation  ties  canau.x. 
rimport.mee  du  elioix  lies  signau.x 

les  solutions  teelunques  iitilixablcx  eompte  tenu  ile  I'ctat  ile  Part. 

I  fans  la  premiere  conference  le  Docteur  .ampert  ;i  developpe  son  expose  a  part i r  de  trois  phenomenes 
londamentaux  de  la  propagation  qui  affectent  le  signal:  le  rapport  signal  bruit,  les  trajets  multiples  et  les  fadings,  le  bruit  et 
les  mtei  letenees.  (  ex  lacteurx  soul  diseutes  dans  les  differenlex  gamntes  ile  lrei|uences  et  ties  illustrations  concretes  etavent 
eette  presentation.  I  auteur  conclut  en  signalant  l  importanee  relative  de  ees  u.llerents  lacteurs  et  de  leurs  consequences  sur 
I  elaboration  ilex  xyxtemes. 

I  >eux  exposes  a  caractere  theorique  on  general  out  ensuite  etc  presenles. 

I  a  communication  du  Docteur  I'/unoglu  a  porte  sur  un  travail  theorique  de  piopagation  d'un  signal  large  bande  dans 
les  conduits  tropospheriques.  A  partir  ile  la  theorie  electromagnetique  de  la  propagation,  et  en  tenant  eompte  de  la 
polarisation  des  mules,  I'auteur  etablit  par  la  iranxlormce  de  bourier  inverse  la  reponse  du  canal  a  line  modulation  PSK.  II 
piesente  alors  pour  dilicientx  canaux.  des  rexultatx  mimeriques  de  probabilites  d  erreurs.  I.es  resultats  theoriques  soul 
ulilisables  dans  uu  grand  nombre  de  configurations. 

I  e  I  foi  leui  I  Sal/.  Im.  ,i  trade  d'un  probleme  general  de  transmissions  numeriques  micro  mules  a  tracers  un  canal 
allecte  d'un  lading  select  it .  I  'influence  des  tiujets  multiples  y  est  examinee  a  partir  du  modele  de  Rummler  et  I'auteur  evaluc 
les  performances  d  ime  modulation  OAM  en  introduisant  un  indice  d  efficacite  qui  Ini  sell  de  reference.  Un  syxtcmc  de 
piedistorsion  a  remission  est  propose  dans  une  solution  auto- adaptive  pour  ameliorer  la  qualite  de  la  transmission. 

I  >eu\  exposes  on  etc  consacres  aux  liaisons  terre-satelhtes. 

(  elm  du  I  )oc tear  .1  Aarons  trade  ilex  effetx  ionospheriques  sui  les  transmissions  satellite-terre  thins  la  region 
equaloi  i.ile  (  cite  etude  est  orientee  vers  les  gamines  ile  frequence  utilisees  dans  les  liaisons  maritimes.  I  .'auteur  presente  un 
ensemble  impmtant  de  mesures  qui  I  re  lie  aux  anomalies  ile  I  ionosphere  equatm  itile  ainsi  que  des  stiitistiques  sur  ees 
phenomenes  I  ex  solutions  techniques  xuxeept idles  d  ameliorer  les  transmissions  sont  ensuite  examinees 

I  e  I  foctem  ( i  I  I  Millman  presente  une  etude  sur  les  erretirs  introduites  par  la  refraction  des  mules  dans  I'ionosphere 
sm  le  dei  alage  d«  ippler  ilans  les  liaisons  satellite  ten e  I  fans  une  premiere  etude  theorique  I'auteur  examine  xeparement  les 
diets  de  I'ionosphere  et  de  la  troposphere. 

I  vltel  de  la  frequence  ile  I'oiule  qui  agil  de  logon  inverse  dans  I'ionosphere  et  la  troposphere  est  etudie.  I  es  resultats  de 
I  'elude,  presenles  pour  dillerenles  traiectoires  de  satellites,  sont  ulilisables  comme  donnees  de  base. 

I  >eu\  ex  pi  ises  soul  ei  msai  us  aux  svstemes  de  transmission  niimerii|ues  par  oniles  tiopoxphcriquex  mi  en  v  ision  ililect 

Monsieur  I  Bmx/te|ti  a  piesente  une  mclhodc  de  determination  des  patametres  permettaut  d'efleetuei  la  prediction  de 
la  qualite des  liaisons  licit /icnncx  pal  diffusion  tropospheriques  et  a  vue  ill  reel  e  a  7  (  d  1/  (  etle  elude  qui  s'appuie  sur  un 
ensemble  de  mesures  ellei  luees  sur  des  liaisons  reelles  conduit  a  des  lormulex  empirii|ues  dont  I  auteur  monlie  la  valiilde 
I  application  ile  eelte  etude  permit  d  evalue!  le  dimcnxionncmcnt  les  ilispositils  a  mettle  en  oeuvre  pom  altcmdrc  les 
qiialdes  si  mh.idees 

I  e  I  )<  *il  eu  I  II  I  foble  a  prcxcnlc.  qua  id  a  Im.  un  svsteme  ile  tiansmiss,ons  numeriques  ilans  la  bande  0  (  d  1/  ulilisant 
idle  modulation  quailnphase  ,i  bande  reilmte  I  lie  experimentation  de  deux  ails  sur  une  liaison  ile  5  I  km  el  idilisanl 
iliflerentes  diversites  de  reception  lournil  les  resultats  ile  base  I  auteur  discute  ile  rellicaeite  des  methoiles  el  ilex  svstemes 
ulilisables  pour  augment er  la  robustesse  de  la  transmission  v  is  a  v  is  des  tra|clx  multiples,  du  lading  et  du  bruit 


I  >eu  \  auk  m  s  pi  om  uIoiii  dcs  i omniuuic.il ions  sin  los  s\ sicmcs  i 'pci .ml  ;i  tics  li  equeiii  cs  supci  icmos  a  Ml  (  111/ 

U  I  )i  'i  Mir  I  \t  i  sst  n  1 1 .11  it tl.tns  -  I  >n  expose  ties  tlltls  tie  1. 1  propagation  sin  It's  s\ si  tints  tie  transmission  iitimci  iqucs  ,i 
luu  I  Ithil  ,i  I  s  (  ill/  \  p.u  In  itiin  nn  nlilf  ilc  piop.ip.il  k  m  pioposi'  pm  I'autcui  .  Its  pummel  i  t's  smmlitalils  i|ui  all  til  till  la 
i|ualik'  tit  la  liaison  soul  i  samincs  cl  loin  iiilliicncc  discii'ce  m  tin-  dune  puilitlion.  I  os  rcsiiliats  soul  oonlionlos  au\ 
nit'siu i  s  olli i  liii i  s  stii  ill  u \  liaisons  i  \  pi  1 1 me nt alos 

I  i  I  loctcui  I’  N  I  iliaos  s  i  si  mli  losso  ms  piohlciiics  ilo  li ansmissn m  air-nil  a  lail'lo  prohnhilile  il  inlt  rttplion.  II 
pi  i  si  nli  nno  it  lull  otloi  UK  i  tans  In  cam  me  I  III  on  nlilis.ml  pom  oola  ties  1 1  oi|uont'os  sitnccs  dans  los  handt's  il  alisoi  hlion 
do  I  o\t  ao  i  lo  al  nil  >splio  i  k|uo.  pins  pi. vi  si  nit  nl  dans  la  I’.mdc  dos  (M  l  (  d  I/.  I  os  emit  i.ia  lies  do  la  propagation  son!  d'ahoid 
anal .  .its  el  los  stsioinos  1 1  leni  s  pel  loi  iii.nii  os  soul  csniiimcs  pom  nil  oor lain  nomine  ilo  situations  el  on  tenanl  tumplo  tie 

l  i  l . it  do  r.m. 

(  olio  pi  oi  ni  ore  session  a  done  lone  nn  lolc  ml  i  oil  no lit  impoi  Unit  dans  oo  conjircs  on  loilolimssant  spoil  la  iifiiioiil  son 
oh|oi  III  on  i  al  Mill,  p.u  s.i  loutoiluio.  la  plnp.ul  do  sos  lion/oiis  oi  on  olahlissiiil  d'oinhloo  line  laieo  discussion 


•  :  ■'  *  v 'j  i 


■•.L-  i  ; i  hi 


.sii.i: 


bj  ill'tiSt  i\  . 

oieinet »s— Akt  iet .gesel 1 scuai  I 
:  io !  na:  ;  rs  t  f  'doe  b  1 
so-ao  Marcher  Ye,  rHJ 


ita*. i-oi:  medium  arc  more  pro*  jounced  ir;  digital  communed  tier;  sysleimi  a..t- 

c^i ;£> ide! ■-*-**(-"  single  chctriiiel  systems.  ilic  quality  parameters *  ni^erra-t'— ra*  e 
.lied  :.ot  or.iy  by  the  received  signal  level  but  also  by  multipath  proj  aput  m. 
’  i  rt_  quer  .cy  seiec tivc  I ading  or  just,  in  a  Loo  lew  sigi»al  level  when  chui t  me 
.  t  *. ie  system  ar  sigi.al  fading  who: *  the  medium  is  time  variable.  .’.Tiile  fading  decreases 

j:  ferei.ee  ;a.d  disu-rtior.  winch  results  in  classical  systems  in  an  irreducible  error  i'ate. 


.«eny  rogioi.  hr-  up  to  i-.hr  different  propagation  modes  are  dominant,  propagation  effects 
_,_sed  ii.dxv legally  for  each  region,  in  :ir  for  short  distances  ground  waves  sliov;  no  nulti- 
.•/ever ,  when  the  . a:  ,a;  tv-  becomes  dominant  over  long  distances,  the  received  signal  is 
ru .  liscreie  mul  tiq atl)  components  which  may  have  differential  delays  up  to  3  ms* 


:ir  jmic:.  the  multipath  behavior'  is  almost  continuous  in  trie  terrestrial,  mobile  scenario  an 
vl  *  he  delay  spread  depends  or.  the  ar*ea  to1  be  covered  by  the  system*  in  airborne  communi— 
j .  .l.ii'  !■*.  fleeted  signals  interfere  with  the  direct  path,  so  that  frequency  selective  fading 


j  •  ty:  .lu!  m.o*  math  .;c-ometry  is  presented  and  data  for  coherence  bandwidth  and  fading 


i 


.  :.'.j  y.-  -a-.*.:  .ii./.ital  Ai-.-systess.  It  is  shown  that  present  systems  are  rather 

lit. it..  I*  i-uitui  tt'opocctitLot'  systems  selective  lading  u..c  to  the  mutusl 
..  is.si:.o.io  is  j  limit i:.£  factor  especially  in  digital  systems,  delay 
■  .  reJ.e.t  to  leone: ry  and  layer'  structure. 

::  •  ■  •  ,  .  ;  f  >:.r  r--i  >  i vej  signal  is  influenced  by  interference,  which 

s,  :.-.ase  in  rener-ai  or'  ignition  noise  in  particular.  Other  sources  of 

•  ...vr.  *  ne  sa;-.e  cl.arrr.ei  or  jaaner  sources,  the  effectivity  of  both  depend 


. t s  :  t :.e  •  icctroruirr.etic  wave  propap.atior.  mcuiu:.  with  respect 

,  .•  -  nnt'-u.iu!  j  -  joint  out  why  tiiere  are  differences  witli  respect,  to 
i  _  im.  ;  her .oiiera  r:ay  be  treateu  alike. 

...  - :  ..  : *.  it  •  t*.  .tore  tolerant  agaitiSt  ir.terferer.ee  aria  uist  .ii't  ion. 

n.  t  .. *  t  rtt..to  of  the  link  but  also  related  to  source  ar.u  sir, it. 

•  ritr.srt.a _ .a. ;  t  rcej  t  ioi., eye  ar.a  ear  ar-e  involved  and  therefore  information  car. 

•  r.i:..;-.iJO.-:.  .s.aily  a  fair  si.are  of  redundancy  is  contained.  -  in  mouem 
...e. ■.  * .  : ,  j  i.' .( !  aiso  I  jrLher:;;ore  source  arid  si.uk  ar'e*  .rat  a 
rut's  :  r  r  r  -'et  ’  r  .uortisSLor:  have  to  be  :;.ore  stririgorrt . 


:-.s  r  •  r:ri  f  the  errors  produced  while  transrr.it  t  up  it.fursatioi. 

*  r...  :  _  t  : -r  r-.  ut  e  r .  tie  si  cases  this  1  iittirt1  ear. riot  felly  describe 

1,0  m  c..njincl ior.  with  bursty  interference.  We  then  have 
•.  t  rt  r  ,  .  .  r  ..j  r  nerS  with  ar.  e'i'i’or'  rate  ol  almost  . b ,  ti  situatiorr 

,.  -  t  oe.i  isc  ot  'heir  data  protocols  hoLJ  within  computer 


wr.et  r.er  .  .  t  a.  'e  .ec  a  mi  because  oi  t !  io  .■.  <■  oi  s  let  .a  i. 

r  .so  .  yr.ei.ror.Loatior.  m  e.ire-rer,r  modular  .ion  systems 

.  .*  r  .id  se  able  to  sepe.r.-.t"  riie  eflects  iri  order  to 


i  ^.’.4....:. 3  ii.  t. r j*  r'».  c«v  * v*.  d  j i.rija.1  jt  h ,  a  parameter  which 
'  j-.'tr.u i’-.'jr,  it  is  ci. lined  that  il u. re  is  a 
*  :.c  dir..-',  ,  -aiv  it  alar  iy  witri  voicu!)  iht-  dif  fcreiiCe  be  tweet 
x  u  w: r»  ar.; i:.p  ‘.he  l  adiap  ...l  the  eiiaei.el.  i'i.e  charact er- 
.*  .  r,  ’  <  r1:  s  >i  is  iratle  !  i  rapes ,  winch  tiies*  caii  be 


Spht.  r  i  '.  s  .w'.d 


•*  f  :...  ijf,  *  h‘:  •.  fleet  i  vet  .ess  lh‘.  thermal  :«!  raise 

.  .ra  h  r1  rrM.  ai.  :  Vid  r  e!  ;j'e  wil  l  :,u'  hr  ue.i.iv  with  S'  paraU  iy. 

•  :...  ia:  i:  ‘he  .ir -rvp  ia:.  oii.t  uhve  are  very  mae  i.  :  j  Oftder.t  oi, 

*  h*  rerer  j  rebier.  t  «.* .:ia:.i.el  e.t a  r  I  *  r-ern.e. 


t  > 


1)|S<  l  SNI<>\ 


I  limtlii.is.  I  i 

(  muplo  lonii  di  l  ull  inlno  o\li  onii  inont  niando  (  1 1 1  a  I *  1  )  do  l.i  earn  mu  dos  \  alum  s  niimu  u|iius  do  pninniulius  do 
pi  *  'pa'.Mli*  hi  ( i  ota  i  ds  do  pi  npau.it ii  n.  duhils  hi  nan  os ).  \  a  III  dos  pnssihilitos  d  aido  ninlnollo  onlro  I  os  luu!imi|uus 
ntilisoos  dans  los  dillotonlos  inmnios  do  liui|iiunuus 

\tilhnr's  Koplv 

I  lopolulh  .  dm  i  not  Ills  oi'iiloi  onoo.  ponplo  dualine  with  dill uiunt  problems  ul.  o  u  Sill  I  (  >S  or  I  II  .  u  ill  lnul  ilia  l 
hoi  an  so  thus  h<  mIi  ha\o  l.  ■  n>po  unit  nmltipalh.  iho>  find  llial  tltoso  aio  moilmds  which  oan  li.no  a  lalltoi  ucnoial  usauu. 


(  .( .inilol. ml.  I  i 

I  i  s  iiaiiis  imilliplos  si'iil  1 1  >i  i  |t  mi  t  s  iiailos  oi'inmo  dos  sipnaus  paiasitos.  In  tail  oo  si  ml  ilos  suu'oos  icdundanlcs  i|nu  1  mi 
pon!  ul ilisoi  1 1  di  s  i  ludo  s  i!io"Hi|iios  niunlionl  i|ii  ils  pomtollonl  ilo  lodnlio  lo  lau\  doi  loins,  I  )isjn iso/ nous 
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Fig. 8  maximum  data  rate 
using  elassical  moc 
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5  probability  distribution  of  multipath  differential 
time  delay  over  long  distance  HF  links,  (8) 


Fig.  6  Probability  distribution 
for  fade  duration, (8) 
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b)  25dB  below  average 


Fig.  2 


spectral  distribution 
of  atmospheric  and 
man  made  noise 
A  urban  industry 
B  suburban 
C  rural 

D  remote  areas 
E  cosmic  noise 


THftESHOLO  LEVELS  : 

CZD  -U7aBa  (0.6/jV/»| 
ESni  -  l07dB*  (2  V/»J 


AEROSAT 


Fig  1  Typical  delay  power  spectra  (15) 
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r  jr  03;  imating  the  •  the  n-.-.cy  of  a  meteor  burst  link,  ;  ’  ■■  data  ol’  a  known  system  are  used  ajid  scaled 
to  the  new  environment.  It  is  therefore  useful  to  know  that  in  the  6IC  comet  system  (25)  over  a  distance 
of  1000  km  200  W  transmitters  have  been  used  to  transmit  data  in  bursts  with  a  rate  oi'  2(Xiu  baud  (1131:). 
due  system  used  an  AKti  modem  (based  on  7  bit  characters)  and  ..t'-un-l  an  average  throughput  over  a  cA  h 
interval  of  about  150  baud,  i.e.  a  duty  cycle  of  7.5  %  (2A). 

With  meteor  scatter,  too,  antenna  gain  and  transmitter  power  are  not  interchangeable  numbers  as  the  beam- 
width  of  the  anteuias  has  to  ’  <3  wide  enough  to  illuminate  Uie  whole  area  where  suitably  oriented  trails 
are  likely  to  occi.r.  For  a  1000  km  link  this  value  is  about  50°  (-3). 


recent  publications  suggest  that  the  intervals  between  usable  meteor  trails  are  distributed  in  a  puisso.u 
; roc ess  ,25). 

.1.  >.  u,  =  ilihili  „„ i;l 


where  i  is  the  probability  that  exactly  n  bursts  occur  during  time  interval  t  and  ti(;  is  the  average 
time  interval  be '.ween  bursts,  ip  •  cai>  be  calculated  using,  measured  data  of  a  reference  system  a  Long 
lit:',  the  1  allowing  scaling  equation  (.A): 

-0.6  2. A  .  antenna  gain  of 

I  I  ,  _  ,  V  'h  "h  'r  I  I  JT,h  transnitter/rece iver 

in  in‘  i . i..  H  P ...  f,.  R  range 

•  r.  t-n  !h  t' 

transmitter  power 
f  id-frequency 

index  h  denotes  the  parameters  of  the  reference  system,  for  the  COMET-System  these  would  be; 

I,.  =  Jo  =  10  db,  i  ;  s  duo  W,  h  ;  2  kbit/s,  f  =  37,5  Miz,  =  A  s,  whereby  tiAJ<  has  to  be  corrected 

when  the  range  is  different  from  the  reference  system  (25). 

Although  tiie  data  rate  within  a  burst  is  limited  because  of  dispersion,  this  restriction  lias  not  yet  become 
visible  as  the  power  level  in  the  system  still  limits  ttie  transmitted  titrate  and  not  the  distortion  (neg¬ 
lect  ion  -1'  lailends  of  underuense  trails). 


from  the  measured  data  it  can  be  seen  that  considerable  delay  times  can  be  involved  in  the  transmission 
of  a  certain  message,  in  particular  when  its  length  approaches  the  order  of  several  hundred  bits  additional 

;  races.;  Ll.g  may  U  re q  iii’eu  in  tliO  terminal. 

■■  Conclusion 

it  lias  beer*  shown  that  in  present  radio  channels  multipath  is  an  important  limiting  factor  for  the  trans¬ 
mission  of  high  speed  digital  signals  whereby  the  model  showed  arc  ii.diviu  .ally  .!•■■; Lug  on  the  scenario. 
Noise  and  interference  however  should  not  be  ignored  as  their  character  is  decisive  upon  the  engineering 
means  to  combat  them  for  transmitting  digital  signals. 
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1  I. 

-  Mar  :^iau  scattering  phenomena  right  also  be  exploited  in  future  tactical  communications.  Chaff,  i.e. 

.1  ...altitude  of  thin  conductive  lolls  can  be  distributed  in  certain  areas  of  the  atmosphere.  When 
operating  with  the  appropriate  frequency  the  dipols  resonate  and  scatter  incoming  radio  waves, 
however  ciiaff  clouds  will  fade  away  within  hours.  -  In  the  ionosphere  irregularities  can  be  produces 
by  heating  up  certain  areas  of  this  layer  by  emitting  high  power  radio  waves  with  approximately  the 
plasma  frequency  in  vertical  direction  from  the  ground,  fhe  produced  irregularities  however  are  closely 
related  to  the  geomagnetic  field  direction  in  the  heated  area  and  scattering  will  only  be  effective  in 
directions  perpendicular  to  the  magnetic  field  direction. 

iencral  aspects 

It.  scatter  propagation  the  received  signal  is  the  sum  of  a  multitude  of  wave  components  originating  fora 
the  different  areas,  it  is  convenient  to  think  of  distinct  scattering  particles,  f.i.  blobs  of  differing 
dielectric  constant  although  some  discussions  have  to  be  based  on  a  continuum  of  scatterers.  The  wave 
components  are  to  sane  extent  independent  from  each  other  and  therefore  an  incoherent  summation  of  the 
many  component  waves  takes  place  at  the  receiver.  As  the  scatterers  are  moving,  the  relative  phase  of 
the  component  waves  will,  too.  The  received  signal  therefore  fluctuates. 

The  short  term  amplitude  statistic  of  tropospheric  and  chaff  produced  scatter  is  rayleigh.  The  mean  power 
level  is  it.  ail  cases  very  much  dependent  on  the  scatter  angle. 

iroposcatter 

Troposcatter  has  become  an  established  technique  for  transmitting  analogue  multichannel  voice  and  TV  signals, 
jne  of  the  largest  systems  operating  in  Europe  in  the  NATO-ACE-HIGH-System,  linking  together  the  North  of 
Norway  and  Turkey,  which  shows  its  importance  in  military  communication.  Methods  for  calculating  the  link 
budget  nay  be  found  in  CCIR-Hept.  238-3  (19)  and  NBS-Keport  101  (20),  nevertheless  the  calculated  values 
may  be  by  up  to  10  dB  in  error. 

As  the  scatter  signal  is  the  summation  of  many  independent  components  multipath  produces  severe  restrictions 
for  the  system.  To  get  an  estimate  of  the  value  of  the  correlation  bandwidth  of  the  channel  quite  often  it 
is  derived  from  the  maximum  possible  delay  time  difference  in  the  system  using  the  3  dB  antenna  beamwidth 
and  geometric  reasoning. 

Tills  however  produces  very  conservative  values  shich  may  be  too  small  by  more  than  a  factor  2.  This  comes 
from  the  fact  that  the  scatter  efficiency  of  the  common  volume  is  decreasing  with  height,  (21) 

Bello  (22)  has  calculated  the  delay  power  spectrum  of  scatter  links  using  the  complete  antenna  pattern  and 
a  reciprocal  height  dependance  of  the  scatter  efficiency.  Comparisons  of  calculations  with  this  method  and 
experiments  iiave  shown  that  measured  values  of  Bc  are  usually  smaller  than  those  calculated  according  to 
belio  (21). 

While  in  the  past  the  coherence  bandwidth  has  been  considered  being  the  most  important  limiting  factor 
for  broad  bans  signal  transmissing.  R&D  work  over  the  last,  decade  has  shown  that  one  can  take  advantage 
of  the  fact  that  when  exceeding  the  correlation  bandwidth  the  individual  spectral  components  fade  inde- 
. order tiy.  'ding  sophisticated  diversity  combiners  it  could  therefore  be  more  advantageous  to  use  high 
:.u:..iv:i  iths.  The  equipment  however  then  has  to  become  adaptive.  Because  the  fading  frequency  increases 
both  with  Hr  frequency  and  the  average  vertical  velocity  of  turbulence,  so  problems  increase  with 


Actual  is  'Ms  however  show  that  the  highest  fading  frequency  associated  with  very  deep  fading  occurs 
when  aircraft  fly  through  the  common  volume  (30  dB  and  50  Hz).  As  the  aircraft  has  a  very  large  scatter 
cross  section  it  is  already  effective  when  it  approaches  the  outer  etch  of  the  common  volume.  This  can 
men  result  in  a  very  pronounced  multipath  with  delay  differences  of  several  (is. 

Meteor  Burst  •..'•.xxiurucat  ion 

Me'eor  bursts  can  be  use.:  to  bridge  distances  between  800  kin  and  1500  km  using  frequencies  in  the  VHE  band 
to* wee:.  3  Mild  an.:  la.  MHz  i.  J,  A,  .5).  billions  of  ionised  meteortrails  are  produced  daily  by  meteors 
wi'r,  a  mass  range  of  1.-;  to  mure  than  1u  grans  m  a  height  between  80  to  120  km. 

•  o  ..;•••  a  i  art  ;c  -i  >r  .uetour  trail  for  transmission,  geometric  reflection  conditions  have  to  be  established 
■  e'  wten  '  he  'ri.i,  a  rod  of  ionization,  and  transmitter  A  and  receiver  B.  The  meteor  trail  therefore  has 
'  •  ■  n**  '  an.  e:.t  "...  ■  prolate  speroij  with  A,  B  being  foci.  In  contrast  to  troposcatter  the  ray  projection 
•,  s.r:  ice  is  essentially  not  restricted  to  the  great  circle.  In  general  reflections  occur 
■  not  ;  i*h,  because  ,.f  the  inevitable  tilt  of  the  trail  with  respect  to  t!io  earth  surface,  'dually 
i"  i  .  ;  mn  '<  .r  B  s. -e.il  Led  not  spots  which  are  located  about  5°  to  1  >°  off  the  great 

nrc .e  ■  / . 

t  aiis  ,d  a  .era-  ■  in  a  height  of  about  3u  lea.  After  having  been  generated  the 

• .  u.  i:  o.  !,<:i.gi.borhooi:  thereby  red  icing  Use  electron  density  in  the  trail.  A  meteor 

i  tvs' riete.:  i.ie'n.c,  winch  is  shorter  for  higher  frequencies  as  here  higher 
;.':*s  *  r*-,.::ed  !  c  i  ;se  un  i,  i  r*  o  iaoli  effect.  The  lifetime  depenus  also  on  its  actual 

.  t  •  -s;  •  r  '  o  ,i'u  ;  u  "  ic  u  in.-  Be  of  reflection  a.ud  iistar.ee  between  transmit  ter  and 


•  it"  n  is  ex;  o.;e  i  c  on:  i ■■  ■  ..:ly  to  a  u.. iit.de  ol  very  snail  meteors,  a  continuously  available 
"  s  *  ished  .Si.:.  ;  r  '  t '  1 1 :  rel  cecs  ion,  as  only  m  a  s:nt  1 1  percentage  ol  lime  a  suitably 

r  d  i  it  ■ ,  -a '  •  ■  i.nrai  ’  en is’ i c.s  will  j  resent  .  Die  channel  is  therefore  to  be  probed  tout  i- 
»h-.r  i  'niii  is  ‘he  i  it  s'  of.  :  i '  ion  can  be  transmitted  with  as  lugh  a  speed  as 

•ret  >  'no  So.i.o  l:.  .  j  :  no'  .  xm  :  Die  i  Lie'  i::.e  ol  the  trail  (about  1  .5  n). 


i'he  use  of  digital  signal  transmission  in  conjunction  with  spreau-spec tra  modulation  however  could  improve 
the  situation  because  r.ow  signal  summation  and  subtraction  can  be  averaged  keeping  multipath  deii^adation 
within  acceptable  limits. 


Antennas  for  LOS  radio  relay  links  are  always  of  very  high  directivity,  so  that  ground  reflections  can  be 
suppressed.  Therefore  in  the  SUF-region  comparatively  high  coherence  bandwidths  are  obtained.  (250  MHz 
and  beyond) . 

Above  about  1u  GHz  multipath  is  no  more  the  most  relevant  propagation  factor.  Absorption  effects  especially 
due  to  water  vapor  and  also  scatter  due  to  rain  become  noticable,  degrading  mostly  the  field  strength. 

6.5  Extremely  High  Frequencies  (30  GHz  to  300  GHz,  \  -  1  cm  to  0,1  cm) 

It  is  not  only  attenuation  because  of  molecular  resonance  and  ram  which  becomes  appreciable  noo,  but 
also  free  space  loss  reaches  higher  values.  Antgnnas  with  40  dB  gain  therefore  seems  to  be  a  general 
necessity,  resulting  in  a  beamwidth  of  only  1.5  .  In  radio  relay  links  either  tracking  systems  or  very 
stable  masts  are  required  and  are  range  limiting  factors.  Atmospheric  scintillations  become  appreciable 
causing  timevariable  focusing  and  defocusing  effects  on  the  wave  (16). 

The  region  around  60  GHz  gains  more  and  more  attraction  because  it  seems  to  be  possible  to  establish 
links  over  short  distance  and  at  the  same  time  to  make  use  of  the  high  absorption  in  order  to  shield  the 
communication  system  from  the  outside  world.  Further  investigations  seems  to  be  necessary  when  applying 
very  high  datarate  systems  as  not  much  is  known  about  signal  dispersion  in  that  region. 

i.  .'uU-llitc  In,.:.; 

Gateliite  communication  is  principally  possible  at  frequencies  above  the  highest  ionospheric  reflection 
frequency,  i.e.  above  50  MHz.  '/(hen  asking  for  optimum  frequency  ranges,  it  should  be  borne  in  mind  that 
as  the  satellite  is  to  illuminate  a  particular  area  on  the  earth,  so  its  antenna  gain  has  a  fixed  upper 
bound  which  is  frequency  dependent.  The  same  is  true  for  terminals  on  the  earth  which  when  mobile  can  only 
use  low  gain  antennas ,  with  say --.3  dB  gain.  As  the  sensitivity  of  a  mobile  terminal  is  limited,  this 
results  in  the  rule,  to  use  an  as  low  as  possible  frequency, because  of  the  increasing  free  space  attenuation 
(20  lg  (f)  dB). 

Compared  to  rauio  relay  links  data  transmission  may  occur  with  much  higher  speed  when  using  high  gain  an¬ 
tennas,  as  usually  the  elevation  of  the  transmission  path  is  above  10°,  which  prevents  the  ground  reflected 
wave  from  causing  severe  limitations  of  correlation  bandwidth. 

in  the  7 Hr  band,  however,  quite  a  lot  of  regular  ionospheric  effects  have  to  be  taken  into  account,  limiting 
the  performance.  In  the  UHF  band  they  have  almost  died  out,  and  one  is  only  faced  with  ionospheric  scintil¬ 
lations  causing  amplitude  aid  phase  fluctuations.  Although,  from  wave  propagation  point  of  view,  frequencies 
between  500  and  1000  MHz  seem  to  be  optimum  (17).  SHF  has  to  be  used  when  services  using  bandwidths  up  to 
100  MHz  are  required.  This  however  then  requires  sophisticated  equipment  which  can  only  be  installed  in 
larger  terminals. 

because  of  the  lack  of  unoccupied  bands,  frequencies  above  10  GHz  will  be  applied  by  future  systems.  The 
propagation  median  is  the  critical  factor  as  in  terrestrial  conmunications  particularly  precipation  causes 
attenuation,  raise  and  depolarization.  EHF  has  been  used  in  intersatellite  communication  (LES  8,9)  (18) 
where  such  restrictions  posed  f.  i.  by  the  60  GHz  oxygen  band  do  not  exist  and  could  even  preserve  those 
links  from  terrestrial  interference. 


.  .'(.mMct  iir.rw 

As  most  of  our  communication  links  are  set  up  between  terminals  on  the  earth  surface  (or  no  more  than 
100C  m  above)  the  LOS  condition  is  a  severe  restriction.  When  not  using  space  borne  relay  stations, 
i.e.  satellites,  electromagnetic  (E.H.)  wave  scattering  is  the  only  way  to  overcome  the  LOS  restriction. 
Irregularities  in  the  composition  of  the  atmosphere  with  relevance  to  E.M.  wave  parameters  produce  an 
energy  transfer  offset  from  the  streight  LOS  propagation  direction. 


In  the  earth  atmosphere  such  irregularities  have  been  observed  in: 

-  the  i roposphere  (lowest  atmospheric  layer  up  to  10000  m) . 

Here  turbulence  is  always  created  by  wind  shear  -  wind  velocity  is  smaller  at  the  close  proximity  to 
the  ground  compared  to  regions  further  up  -  and  the  thermal  temperature  gradient  with  height, 
i'he  changing  weather,  in  particular  cold  fronts  and  thunderstorms,  produce  turbulence.  Along  with  this 
turbulence  irregularities  in  the  dielectric  constant  are  produced  and  from  these  areas  we  get  scattered 
waves,  i'he  associated  propagation  mode  is  called  troposcatter  and  is  used  to  bridge  distances  mainly 
between  100  km  and  300  km  (up  to  700  km)  and  can  be  applied  with  frequencies  in  the  UHF  and  SHF  bands. 

iron  the  higher  atmospheric  layers  no  scattering  has  been  observed  apart  from  the  ionosphere.  This  layer 
'composed  of  several  sublayers)  is  mainly  used  as  a  mirror  for  RF-signals  (HF  up  to  30  MHz).  However  this 
mirror  becomes  transparent  for  higher  frequencies  than  the  MUF  (maximum  usable  frequency)  which  may  vary 
according  to  distance,  time  of  day  and  year  between  4  MHz  and  34  MHz.  However  scattering  effects  have 
teen  observed  above  these  frequencies  originating  from  two  different  mechanisms. 

-  Iono3catter  is  a  propagation  mode  produced  by  variations  in  the  electron  contents  of  D  and  lower 
L-layer.  Apart  from  this  effect  a  very  bursty  signal  with  higher  power  level  has  been  observed  which 
originates  from  signals  scattered  at  the  ionized  trails  of  meteors  when  passing  the  ionosphere.  This 
propagation  mode  is  called  meteor  burst  scatter.  Of  these  two  modes  only  the  latter  is  of  greater 
relevance  to  the  communications  engineer. 
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aj  .on. ;  .id  the  gruci: .g  angle  'j  is  n-eiov:  a  cerfa-n  */V  =  fl  •  ^  ..  rif:.  /  gives  a.* 

unu  jiaaij,  ..•«  { ? )  nave  xiiscasseu  these  elle*cts  in  detail .  Multipath  ait  -.at  cons 
ti’aj. a spi iCt 'ii  layering  are  important  in  L.O—  radio  relay  links  be'causo  fney  x..;nn--  ne  a  <:  j  r*-.^  ■  •_» 
as  el  nign  directivity,  as  the  inversion  layer  ueignt  day  vary  according  to  weather  conditions • 
■scenarios  twe  sit-iac ions  have  te  ue  distinguished.  ..Let.  source  and  sink  botL  are  located  at 
*  ..  .  -i’  the  inverts io: .  layer  one  ray  propagates  below  the  layer  the  other  inside  the  sue t ing 
maximum  ail  i  eret  .t  ial  tilde  delay  however  •  wheti  source  at  id  sink  both  are  below  tne  ducting 
direct  ray  arriving  at  the  receiver  is  then  interfering  with  a  second  ray  which  penetrates  into 
xayer  anu  is  bent  again  towards  trie  earth. 

.-.w  .yadid  \  h.  )  discusses  t>oti»  scenarios  m  detail  and  si  towed  tiiat  tineuolay  differences  wvl* 

\^ai.  x.cc  .r  m  at.  -;r  preciable  tune  percentage. 

howvs  thot  troposp nor ic  layer  rei  lection  is  oi  less  id.portance  lor  slant  path  conditions. 

tnd  oLr-;-'rocnd  communication  scenarios  beside  the  direct  ray  tile  drour:d  reflected  ray  nas  tv- 
ed.  -Lis  leads  to  deep  fades  when  transputer  and  receiver  are  moving,  :x.*ca ,«sc  of  tt.e  different 
ex.iy  selective  I  as  up;  rest  .  mtcrsynbol  mterierence  is  produced .  do  ti.e  ::<axinun  synod  rate 
is  -id-ited  as  shown  m  rid,  •• .  ..’it-  carve  ind  it  a?  os  the  dependence  »-i  t.’.L  ...axim  it.  dots  rate'  >u. 
v- 1  tt.e  terd.inal  ab-oVe  t ne  r'el  hoc ting  plane  and  tne  gracing  angle. 

erin.y  a  rough  ground  surface,  the  tverage  specular  reflection  coefficient  is  reduced ,  however 
heavily  v "1j.  .he  result  inn  field  strength  of  the  receiver  now  still  shows  the  regular  cistri- 
Las  a  rice  distribution  in  amp  1  it  tide  (  Id) .  ihe  fading  pattern  therefore  will  become  slightly 
at  : he  order'  of  nsi.-d.it ude  of  the  fading  depth  will  still  remain.  The  same  is  true  for  the 
r  ar  .o.*.i  So  x  on  oi1 1*..  .v  idth . 

of  the  rough  surface  in  the  avionic  scenario  iias  been  classified  rigorously  by  di-fenf-am  (12) 
t  the  condxtions  for  air-ground  communication  are  essentially  not  altered.  The  adverse  effects 
L  lecroase  the  higher  transmitter  and  receiver  are  located  above  the  rough  ground  for  a  given 
ie  , specular  point  scattering  theory  (13)  ). 

on  is  •  - ff‘  •  •  :  for  the  terrestrial  mobile  radio  channel.  Here  usually  diffraction  and  terrain 
are  rest  ousiblu  lor’  aigal  transmxssior.  as  in  isany  cases  tire  direct  line  of  sight  is  obstructed 
services  are  generally  well  planned  will,  guaranteed  unobstructed  first  fresnel  zone  CIA)  ). 
t  to  the-  ::xiltipath  situatios.  we  iiavv  to  distinguish  between  urban  and  rural  situations. 

enarios,  the  rr  •iv-.i  .u  ;.ui  -s — u-.-  s  fivn  "n:.j  :'e:  iecte.i  signals  frou;  builei:.(  s  in  tne 

'i.e  receiver,  ilie  a-aplit-ide  distribution  •-.■•r-'f-iv  !-•  : •■. iy «ro  u.i  1  local 
varies  iog-r.orrval  in  ti.e  area,  as  far  away  reflectors  usually  are  completely  si  lie  Idea,  i  lie 
eiay  spread  readies  values  up  to  ^  ps  while  tiie  delay  power  attribution  ere.  extone  to  10  pis. 

,  soppier  si.ift  will  occur,  whici.  is  proportional  to  the  carrier  frequency  ana  the  velocity  of 
.  at  1  .jus  Jopplor  spectra  iiave  beer.  -t  ■  :  ;  tn:  :  wlu’u  r.  *o  ...  vi:.;  v:i*.n 

-- 1  ciUo^i.  0‘ >  Kir./n  \  iu). 

cuv ii'O! j’.cnb  b no  rcl  iocbor  ciinUing  mui bij  ubn  conuit. iot.s  ;  *uy  bv  ojuibc  uwuy  inom  ivccivsr  3i'.u 
causing  much,  higher  uifferer.biai  jciuyu  nowever  ut.xll  withi  suii'icierA  Signal  strength..  Ir.  such 
cut  1 1  .o  I’ittxim.im  t  rai  ioii.css  ion  rate  snediu  as  .i  roule  T  tnurii  not.  exceed  values  bey  olid 


ic  i1’!  at’  fcO.no  ot  a ui" ,  .oi .oiuci'i;,:'  tiic  t erreslri’ii  scenario, 
howw.  v  .id  t:h  w.iV,.> length  is  smaller  the  livespace  loos 
.  L  :. v  :.i. -  when  vir.g  ti.ru-  cd.  the  interference  pattern  an* 
turn  -f  *h*.  Jinal  WxlL  be  wnuer. 


d  h inner  a* a:  also  t. i *e‘ 
also  tiie  w xti tdi  oi  the 


xx  fv.J  .h  u.  higher  values  oi 
fre:.g':»  with. lU  a  certain  area. 


I’-  ■  :  .V  III  ih  ...  .  1  ‘  * 


.3  •  3  iud,  A  -  I  m  •->  1  cm) 

•d*.  tne  u  ;  ei  par*  of  the  '  1  ii*  band  for  :’iot.uie  sortmees  ( v-ru.  LJirev  •  i».»nal 
o  :«eu*  ,v  ;s(.  i  i  ir  I  ixo-.i  serviced  nr  for  ::n>biie  services  transtu*  X  m.-  only 


I:*  the  Hi— band  the  noise  due  to  atmospherics  varies  according  la  daytime,  season  and  geographic  location 
because  of  varying  ionospheric  condition.  Man  ::ade  noise  also  shows  Valuations  oi  this  Kind  whici.  are  due 
to  varying  business  activity. 

..'ill.  in:.  Bade  noise  we  have  to  distinguish  between  a  general  sta' ionary  background  level  and  bursts,  e.g. 
cue  to  ignition,  ignition  noise  has  to  be  considered  in  all  aobi.  onmuhication  systems.  it  is  of  higlily 
i::q  ulsive  nature  and  spreads  over  much  of  the  frequency  spectra::..  In  heavy  traffic  even  at  3  driz  noise 
spikes  can  occur  which  are  more  titan  40  UIJ  above  receiver  noise  level  in  luO  kHz  bandwidth  (2). 
iiy.it  ion  noise  see::is  to  be  very  much  dependent  oi.  the  individual  vehicle  and  relatively  few  raodeles 
exist  which  nave  not  adequate  by  checxeu  agaiiuit  ex  per  in.1 : .  Lu  1  ,:stu, 

1.  Interference 

In  Hr  region  interference  due  to  on  "overdense"  usage  of  the  band  is  a  common  source  of  degradation,  which 
often  is  of  :;;ore  importance  than  multipath  distortion.  Jott  et  al  (4)  made  extensive  measurements  of  the 
Congest  ion  of  the  Hr-tand,  rig.  3.  i'he  data  presented  there  refer  to  a  1  ktlz-band.  Keeping  in  mind  that 
for  a  good  signal  transmission  the  signal  to  interference  ratio  should  be  at  least  10  dB  within  the  used 
band,  therefore  signal  levels  at  the  receiver  input  above  -lot)  dBm  are  required  when  using  2.4  kbit/s 
serial  transmission  •  .v-  in  :  ■  interference.  As  ii.  Hr  each  user  tries  to  use  a  frequency  around  the 

:  axi::.:c:.  usable-  frequency  (Mdr  )  it.  the  area  of  optimum  propagation  coi.dit  Lons,  the  interchannel  interference 
tends  to  be  worst  case. 

it.  7: if  and  above  inter  and  co-channel  interference  is  very  important  for  mobile  users  and  tactical  LOS 
radio  relay  links,  i’he  variability  originates  from;  varying  atmospheric  conditions  in  particular  ducting 
and  super  re  f  rac  lion.  It;  19B2  AdARL  has  devoted  a  eunplete  Symposium  to  propagation  aspects  of  frequency 
snaring,  interference  and  systoir.diversity  (3). 


carat  ion  effects  in  the  frequency  bands  of  interest 


.ne  different  scenarios  presented  require  the  use  of  a  s  ,i table  i'tvq>.t-t.cy  band,  in  a  survey  on 
propagation  effects  it  seers  to  be  an  efficient  way  of  classification, to  continue  the  discussion  in  terms 


-d  th.e  frequency  :«ns. 


c .  1  sir -band  (1,5),  3  to  3u  HHzpWioO  m)  lOu  m  to  10  m 

..ave  propagation  in  this  band  is  characterized  by  two  particular  modes,  i'he  ground  wave  is  still  of 
sufficient  strength  to  overcome  distances  up  to  50  km  using  frequencies  below  5  MHz.  No  multipath  is 
present,  if  no  interference  with  other  propagation  modes  occurs.  As  the  range  of  the  ground  wave  is 
limited  sue  to  its  4u  Ig  (d/X)  db  dependance  of  the  transmission  loss  (d  =  distance),  the  skywave  is  the 
dominant  mode  for  overcoming  long  distances,  as  long  as  this  wave  has  the  appropriate  frequency  to  be 
reflected  by  the  ionosphere,  o  it  is  a  unique  means  of  communications  all  over  the  world  without  an 
artificial  r-day. 


As  the  electron  density  of  the  retracting  ionospheric  layer  show  diurnal,  seasonal  and  sunspot  cycle 
variations,  the  maximum  usable  frequency  (MUF)  for  reflection  does  so,  too.  For  short  distance  communication 
the  Mix  varies  between  3  MHz  and  10  MHz  at  noon.  But  this  does  not  mean  that  at  daytime  a  broader 
frequency  band  can  be  used  for  communication,  as  then  tiie  D- layer  will  absorb  a  considerable  amount  of 
signal  power  (up  to  25  dB  at  a  l’ree-spea  pathloss  of  about  100  dB)  (5).  That  means  that  a  relatively 
narrow  band  of  some  MHz  is  available  which  is  moving  in  its  center  frequency.  As  HUF  and  L'dt  (the  lowest 
-sabie  frequency,  because  of  D-layer  absorption)  are  proportional  to  the  secants  of  the  angle  of  incidence 
longer  distances  require  a  frequency  band  with  a  higher  center  frequency  than  smaller  distances.  This 
problem  can  be  .solved  by  using  the  correct  frequency  range  ar.u  an  appropriate  transmitter  power.  Because  of 
the  complex  r  ur  1  i  Li  re  and  -he  possibility  of  multiple  reflection  between  the  ionospheric 
mirror  and  the  earth  surface  multipath  propagation  will  always  be  a  significant,  effect  which  results  in 
t  i:\e-  and  frequency  selective  fading  as  layer  heights  and  electron  densities  show  regular  and  random  time- 
variability  (6). 


. ne  -v;  arat  .on  medi.cm  : lay  ir.voive: 
a  i  :  .u ; *  i.:  ie  not  propagatior; 

.  vi::,  short  links  the  reflection  from  the  earth  is  quite  often  not  to  be  neglected. 

:.q  ..  ie  Lay  r  ; ropusation 

.  i  ....  mu  an,  .ie  .  Lntorfi  re.nce  in  obii.ue  propa.gai.iun  c .  .  se  to  tlio  junction  frequency  (5) 

o/i.  quinary  anu  extraordinary  r.y. 

.  .  >7)  has  sale  .lated  the  principal  time  delay  bo.:,,:.;  I  Mr  the  ionospheric  propagation  path  in  terms 
•  he  ra'i.  tic-  .ally  .sod  radio  frequency  and  the  momentary  r-M'.'F.  i'he  resulting  a  s  re.,  Fig.  4a  shows 

•  nut  s.q  when  Working  very  close  to  the  actual  Mir,  time  delay  values  less  that;  0.5  as  will  occur. 

-  r.'.-rai  ,;p  t...  4  ;n  have  to  be  taken  into  account.  In  most  cases  only  two  r.g.v  are-  involved  in  the 
in' or:  re.nce  :.ec:.u;.isme  producing  frequency  selective  facing  witli  relat  ive  attenuation  peaks  up  to 
a  a.  wmc!.  ai"  spaced  quite  regularly  in  frequency  according  to  their  propagatior.  delay  time  difference, 
see  also  lie.  ..  .  i  .  .  5  shows  the  probability  distribution  for  a  particular  multipath  differential  time 
iay  :■  ruv  :  :  run.  measurements  over  lor...  links  U  uev  -  1  ,o»v  kr.).  Because  of  the  time  dependent  height 
variations  oi  the  layers,  these  at  ter. nation  peaks  move  m  frequency  through  the  channel  with  a  speed  up 

•  _  .  <  hz/s.  ..'non  using  slow  date  rate  channels  this  effect  reflects  only  in  a  time  selective  fading  of 
'no'  si  .nui  e:.7olo;e.  rig.  0  shows  measured  vaL.es  lor  the  j  retail  lily  distribution  of  fade-durations,  an 
s-.por  ‘  a;.'  parameter  IMr  the  losi.q.  of  error  correct  mg  codes  to  Hi-. 


I 


mo  s’  u-uy  of  different  digital  transmission  oqsif"ienl  ,  have-  si n  «wr»  t  hat  Uii'  foliowinp,  phenomena  h ivc  *  / 
st  >  ta  ii.ii  ay  loev.ed  k.ii  i 

-  t  iels  strength  ca.uil  itiit; 

-  iaSmp  tress tans  ans  select  iVe,  ::.al  l  i,  a!  a  ml  erfervnee  anJ  it  a  t  ime  a  is  tribal  ion 

-  muse  ans  interference . 

;io  1  -*i ■  us  t  vjjii ic  via!  a  Willi  rospei  i  to  these  phenomena  will  be  piven  on  which  system  sesnyi  car.  be  b«s<*.;, 

1'viJi.a.-  i:.  latio  vurinnels  is  taujt\!  by  lime  ans/or  1 requency  a ,io|  ersiui.  which  distorts  mull il requency 
at/  t.aia  wove!  orms  m  taaally  not  eompletcly  predictably  and  coi.t  muously  chonpinp  "minor • 

a ta- lar./iah  between  l  ime  ana  frequency  -dispersion.  i ime  dispersion  caaacs  the*  mfor-jation  pulse  la 
sprvus  wnen  it  :  asses  ihc*  me  si urn,  it  can  be  ol  dillc-renl  origin .  ihe  j  .pupapat ion  medium  can  have-  a 
ft xq...ency  sepen.iont  complex  refraction  inaex  causes  by  the  electron  content  or  ram,  water  vapor  or  oxy»  on 
:es.*i\  mp  in  .iiqiduse  or  phusevuriat ions  in  the  considered  frequency  bane,  .‘.hen  the  tine  dispersion  m 
causes  by  tne  signals  propagating;  a  lot  if.  dii forest  pa  tits  of  unequal  a  clay  we  apeak  d  multipath,  II, e  res  .1- 
t  in;  nail  i;  at'..  spreas  causes  frequency  selective  fadinr;  which  \  reduces  distortion  especially  intersymbol 
in’  efference .  me  ti::.e  suspension  is  characterised  by  its  delay  power  sped  rum  or  in  t  he  frequency  .!o::iam 
*  he  frequency  autocorrelation  function,  .uile  of  tot.  it  is  sufficient  to  use  a  s  tuple  characterist  ..c 
;  uivmeter  of  these  functions  i.c.  the  selay  spread  or  the  coherer.ce  bandwivlth  to  characterise  the  channel. 


rro.p.ency  dispersion  originates  from  the  time-variability  ol'  the  channel  parameters  and  causes  lime  seh-ctive 
faump.  .*  is  characterised  by  the  frequency  power  spectrum.  '..Let.  its  near,  value  siflVrs  fro::;  vnat  of 
’  runs::: it  tea  sip: .a*  a  io[.  p-lor  sniil  is  p reset. t  •  me  Center  ol  gravity  ol  the  l requency  power  sped,  rum  is 

'.k.n.'.C  j  »  u'P  o>  t 'eUv.  ■ 


:.os:  cases  of  mterest  tr.e  one  or  the  other  type  of  dispersion  -a*  c.inat*  .  --  'a*  .  m  • 

:Ui'.*o  d  t  Ue  tidnsmlteS  Smn.ii  IS  Very  Wide  compared  to  tfie  Soppier  SitVaS,  tile  channel  IS  treated 
terns  \  s..e  li.it  .  it  ::ciy  'la?  also  irepjer.cy  l  lat  n  its  bans  wist  h  is  s:dll  compares  to*  the  conereuce  bans— 
wist n  ol  tr.e  ci.ai.nel.  ihe  signal  *  hen  passes  tne  channel  ai.p-arer.tly  ur. distorted  ar.s  t  in-  channel  is  then 
miles  a  fiat-fiat  channel. 

S.  d.cnuPioS 

.  . .as  *<>•  n  .  o. .. ! iU ...  j. L  is  v viy  . *Se lui  to  v.xSti: . < i  d.  :./t : tween  the*  1  e. >  lo.v m.-  "oj . <.i.-  at i oi .  ...ov.*<.  u  . 

i  .  pros, ns  wave  ..Poj  legation 
.  .  s.:tv:uve  wLtii  ,nos:  heric  refract  ion 

j.  torrost rmi  iinc-of-s Lpiit  :  i ’op-ana t ion  anu  diffraction 

.  -  :  Os.rst  scatter 

s  ;  : ; .  :  _  ..:re  rest ric tea  to  the  lower  frequency  renior.  li!F),  3,  4  and  r3  to  the  rupher  froqueiicy 
»* •  in  .  . ; v. v i  me  Coidpieuc*  pt'esoi.t-ly  avt.iil.iole  radio  spectra::.,  '  Mr  ,  hr  and  ,  i*  are  exci.. des 

:rn.  tnis  .use  dun  .:s  bnt-se  bands  are  rsaii  ly  used  for1  ocher  purposes  but  communication  or  they  arc 
q  .c.:  by  mmuc.iSl  services,  ihe  relevant  frequeixy  ran.-x-  starts  above  l,b  Mils,  with  the  ex  tenses 

-  *  ‘us-  Con  c-_  m-.jes  v.pon  hat  be  twee  ri  mobile  anils  Milt*',  hiif  ans  optical  frequencies  can  only  be  uses 
•  :  c^-:u .  .uj.mi  ion  ;nser  si  Ov-ial  preconditions  ami  are  usually  preserve.:  lor  stationary  services. 

■  a . _  .f  *c  n.iS  suown  *  a.:!.-  t i »e  pr’evaili.iw  ppobier.'«s  m  : * wave  pi’v papal  ion  uep-enss  very  nuen  c-n  the 

^  an-  -.o:  i  ux;  i.icai  scenario.  M'.erel'or  the  i'ollov;ii.,*  sis  line  l  ion  will  be  ::uide: 


terrxs*  rx .;  i  syste::s>,  f  Lxed 

■  he  re  Levant  frequency  re^  ions,  propagation  monies  ans  associalcd 
*  ■  i  snows  tne  -  ype  v^l  so xay  power  spectrum  *  o  be  v’xpccles  ans  tin 


j  :  si.nal  .n  .n  v;  m  the  propa^ :at Lon  ::;edi  i::.  t-.il  far:  her,  .wanted  sipuais  are 

•c* .  .*/•;!  •  : : st  •  ri  u iu; .  v;,a:u\ers ,  nuvi'ttiletl  noise  s  mauls  vire  present  because  -i 

.  usSe  : .  -j  Se  n.  :  *  ru*  c  rrcs' t  nal  sources.  A  sped-rai  J  istribiut  ion  is  shown  m  rir.  ...  J), 

i  j  .  r.-i , *  : *  •  •  :  :. i\,  :  .maul  i.y  by  .-’t’o: wave,  t»*e  nor  L.W'u'  al  coripor.er*!  tiie  ^'Veral  i 
..j  ij.lV  :v ... :.  Jed  i '.i 1  :u.m  It.c  vertical  conp-oi.eMt  • 

e  p.i:  mu:.*  \..u,  a  f  below  In  si*,  id.  is  obvious  that  oniy  in  the  ;  ii*  —  L  md  the 

•  *  .  f  . .  s;h*.:  us  m  l::u  oft  ant  ,  lr.  *.  he  per  ion  below  1c-  Mils  id  u  jr.iua’.es  ail  ciiier  sourtOE 
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abstract 

Hie  propagation  properties  of  wide  bandwidth  signals  transmitted  through  a  tropospheric  'ducting  medium  are 
examined  analytically.  A  flat  earth  model  with  a  perfect  surface  conductivity  (sea  surface)  is  taken.  The 
refractive  index  profile  r^K)  is  assumed  a  stepwise  function  of  toe  height  h  .  Horizontal  and  verti¬ 
cal  polarized  waves  are  treated  in  parallel  by  employing  similar  procedures.  The  corresponding  boundary 
value  problems  are  solved  by  using  spectral  representations  for  the  primary  antenna  and  induced  fields. 
Guided  and  radiated  mode  contributions  are  then  computed  by  applying  approximate  asymptotic  integration 
techniques  under  a  continuous  wave  (cw)  excitation.  The  behavior  of  wide  bandwidth  signals  propagating  in 
a  tropospheric  duct  is  examined  in  terms  of  the  inverse  Fourier  transformation  of  the  cw  field  expres¬ 
sions.  Several  geometries  are  considered  such  as  both  transmitting  and  receiving  antennas  being  inside  the 
tropospheric  waveguide  or  the  opposite.  Particular  attention  is  given  to  the  case  when  communication  path 
cosses  the  waveguide  ceiling.  In  order  to  determine  the  influence  of  the  mud t i path  propagation,  occuring 
inside  tne  ducting  medium,  into  a  real  communication  link  a  Phase  shift  keying  (  PSK )  modulation  is  consi¬ 
dered.  Numerical  results  are  given  for  several  tropospheric  ducting  media  in  terms  of  the  bit  error  rate. 


1  •  INTRODUCTION 

The  use  of  wide  bandwidth  signals  is  assuming  increasing  importance  in  line  of  sight  (LOS)  communication 
links  for  several  reasons  such  as  the  transmission  of  high  bit  rate  signals  and  the  use  of  spread  spectrum 
modulation  techniques.  Instead  of  the  conventionally  used  3  KHZ  bandwidth  signals  to  transmit 
-,’j  r.oos  information  flow,  signal  bandwidths  of  the  order  of  1  MHZ  bandwidths  are  proposed  to 
obtain  a  processing  of  the  order  of  23dB.  The  experience  of  the  past  fourty  years  in  operating 

Ionospheric  High  Frequency  communication  channels  has  shown  that  multipath  phenomena  can  result  in  a  severe 
intersymbol  interfe.  .nee  problem  on  data  links.  In  general  the  maximum  attainable  transmission  rate  over 
long  ionospheric  links  is  100  to  200  bps.  Considering  the  similarities  between  an  ionosphere-earth  wave¬ 
guide  geometry  and  a  tropospheric  ducting  medium  one  should  expect  quite  similar  phenomena  in  principle. 

it  is  a  well  known  fact  that  there  are  two  extreme  cases  in  multipath  propagation  depending  on  the  compa¬ 
risons  of  tne  effective  signal  bandwidth  J3  with  the  differential  delays  &x  observed  in  the  communication 
channel.  In  particular  if  IB  >  -f  tor  then  we  have  a  selective  type  fading.  Otherwise  i  f  J3  < 

'  At  then  the  multipath  phenomena  are  observed  mainly  as  averaging  phenomena  resulting  into  a 

Rayleigh  type  fading  for  randomly  varying  channels.  In  this  paper  we  consider  selective  type  fading  as 
this  could  be  observed  for  signals  propagating  in  a  tropospheric  ducting  medium. 

The  propagation  in  tropospheric  ducts  have  been  examined  in  the  past  40  years  extensively  in  the  literatu- 
Several  approaches  such  os  the  equivalent  earth  radius,  the  Watson  transformation,  the  WKB 
and  the  geometrical  optics  techniques  have  been  used  to  treat  the  propagation  in  tropospheric  ducts. 
Interesting  phenomena  are  observed  in  radar  systems  associated  with  the  propagation  in  ducts.  Until  now 
mostly  reported  ducting  phenomena  are  associated  with  extraordinary  radar  coverages.  In  this  paper,  the 
effects  of  the  phase  distortions  for  short  duration  signals  are  treated. 
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2 .  COMPUTATION  OF  THE_FIELD  STRENGTH 

tr.yp  spiier it  ducting  Medium  is  modelled  with  a  refractive  index  profile  described  mathematically  as: 
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(1) 


e  r  i  ,  •in-  jut  t  neight,  z  is  tne  vertical  coordinate  and  6,  >  1  is  the  dielectric  constant  of  the 

f  if  •!.,(  *  r  !igr.  fne  whole  .pace  is  assumed  magnetically  homogeneous  with  a  magnetic  permeability 

w  -  p  A1 thou. 'h  this  assumed  profile  is  a  rather  crude  approximation  to  the  real  refractive  index 
;.i  o‘  1 1  .  '  •  he  •  rope  .pnere ,  nevertheless  it  has  been  used  in  the  [>ast  to  describe  tropospheric  propagation 

Phe'ioi  en  i  is  tne  ha  due  ting  mechanism  is  retained  in  the  model.  The  simplicity  of  the  ni.-a  distri¬ 

bution  'os  at.  into  a  ale  analytic  formulas  for  the  field  distributions.  In  figure  1  the  propagation 

. r/  i  shown ,  where  pi  antenna  radiating  a  continuous  wave  of  frequency  <.«.•  in  4  is  located  at 

,  •  /  y  ,  •  h  .  Two  type  antennas  are  considered  that  are:  (a)  a  vertical  electric 

npiiie  aril  ,  b )  a  vm  *.n  .il  iragnetii  di  Dole  corresponding  to  vertical  and  horizontal  polarizations  respective¬ 
ly.  Fne  an.tiy.i  ,  jb.pt  i  reded  in  parallel  for  both  kind  sources. 

Assuming  an  e/p  (<  .  t ;  line  -Jt.qiendence ,  the  electromagnetic  field  can  be  described  in  terms  of  the  Hertz 
ootentials  'T  an;  r-!  is  follows1* 
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mere  .•  ,  '  is  the  free  space  wave  numDer.  Both  .'I  and  Al  satisfy  the  Helmotlu  equation 
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in  me  absence  of  primary  sources.  Assume  ir,A10  be  the  quantities  associated  with  primary  sources 
located  itn.ide  me  ducting  medium. 
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Fig.  1.  Tropospheric  Ducting  Medium  Geometry 
■rale,  if  tne  source  is  a  vertical  electric  dipole  we  have 


is  a  vertical  magnetic  dipole 


i  ,’e,  JT  i,  trie  iisCun>.e  from  the  dipole  to  the  observation  point,  r  am)  are  the  electric 
i  u‘  v .-writs  respectively.  Let  ",  ,  be  the  potentials  of  the  induced  fields  inside 

.•  r  i„.. :«r  di ;  j'n  and  • those  of  the  transmitted  to  the  outer  region  r  -  h  .  The 

.  i,  assured  of  perfect  conductivity  and  therefore  fromeq.(l)  it  is  deduced  that 
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,,,  f  f  | ! .  _■  ,,  i.,ij  .in-1  tree  space  regions  interface  plane  the  continuity  of  the  c  * 
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In  wniting  the  solution  for  the  outer  region  (  z>h)  the  Sommer  fe  ld-MCil  ler  radiation  conditions  have  been 
incooperated.  Therefore  considering  the  radiation  condition  in  eqs .  (7),  (8b)  and  (9b)  and  the 
exp  (l-ut)  time  dependence  it  is  concluded  that  on  the  (  T),,^)  plane  the  square  roots  h4  ,  ^  should 
be  defined  as: 
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in  order  to  determine  the  unknown  coefficients  in  eqs.  (8a)-(9b)  it  is  necessary  to  substitute  eqs.  (7)- 
(9b)  into  the  boundary  conditions  given  by  eqs.  (5)  and  (6).  Following  a  lengthy  but  straightforward 
algebra  the  following  results  are  obtained: 

fur  trie  electric  dipole 
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nul  for  the  magnetic  pole: 
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ini,  . . .  >i  "D  le  te  tne  formal  solution  for  the  electromagnetic  problem.  However  the  obtained  solutions, 
f,’in|  in  tne  form  of  infinite  integrals  are  not  easily  convertable  to  numerical  data  which  is  required  for 
practical  purposes.  To  this  end,  it  is  necessary  to  device  analytical  techniques  and  to  proceed  at  least 
ipp’  oxi"ate  ly  with  the  computation  of  the  integrals  'liven  in  eq .  (8a)-(9b). 

1  onsider  first  trie  computation  of  the  (8a).  The  integrand  function  ^  is  a 

function  only  ot  the  n  i  J  ,  '■  variable.  Then  substituting  the  expansion 
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into  eq .  (3a)  and  by  integrating  from  cpy  <>  to 


(Ha) 


Instead  of  the  Bessel  function  -doi-Tp)  it  is  possible  to  substitute 

'o  ■Ot"'  7  y  f>)  (14b) 

and  since  m,,  -It’’'  =  t?0'  (•qp!  eq . ( 14a )  can  be  written  as, 
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In  Fig.  2.  the  contour  of  integration  (C)  is  shown  for  the  integral  of  eq.  (15).  In  u.  der  to  have  a  single 
valued  function  for  the  square  roots  fq  ,  fq  it  is  necessary  to  define  appropriate  branch  cut  lines  in  the 
TS  -plane.  These  cuts  are  shown  in  Fig.  2.  This  particular  choice  of  the  branch  lines  insures  the  radiation 
condition  (eq .  ( 15 ) )  to  be  satisfied  on  the  C  contour  5.  Examination  of  the  6>if41  ,  0*  f  a  l 

functions  shows  that  there  are  finite  number  singularity  points  due  to  the  roots  of  the  equation 
Ae'V  •  C  ■  ■  These  roots  are  real  and  are  located  symmetrically  in  the  regions  L  -  1  ,-b  al  and 

C  F'o.  k  <  1  .  Substituting  the  auxiliary  variables  u  -  fq  Fu  and  t  *  flecb)2  fVj  -i  \  into 

eq.(13a)  the  singularity  points  are  determined  by  solving  the  transendental  equation 
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(16) 


In  Fig.  3  vie  show  the  graphical  solution  of  eq .  ( 16 ) .  The  number  of  roots  We  depends  upon  the  parameter 
»  r  ft,F'  and  can  be  computed  from 

Me  -  r-t  /  rrl  + 1 

where  I  xj  is  the  integer  part  of  *  .  Each  of  the  roots  correspond  to  a  surface  wave  guided  along  the 
dielectric  waveguide  that  is  formed  by  the  stepwise  refractive  index  profile  defined  in  eq .  (1). 


(17) 


3.  FIELD  INSIDE  THE  DUCT 


In  practical  communication  problems  the  distance  p  (see  Fig.  1)  between  the  transmitter  and  receiver  is 
very  large  in  comparison  with  the  radiation  wavelength  <rr,  .  The  same  is  not  true  for  the  z-coordi  - 
rate  for  terrestrial  communication  links  and  it  is  not  possible  to  compute  the  integral  in  eq.  (15)  for  the 
far-  field  region  b/  applying  the  "stationary  phase"  auproximate  integration  technique.  It  has  been  shown 
that  it  is  necessary  to  use  the  steepest  descent  approach^.  However  if  one  is  interested  for  the  field 
strength  inside  the  waveguide  this  can  be  computed  by  considering  only  the  surface  wave  contributions, 
indeed  if  the  steepest  descent  approach  is  used  it  is  shown  that  the  contribution  to  the  integral  of 
eq.  (  1  j )  arise  in  the  form  of  a  superposition  of  surface  waves  and  radiation  fields.  The  former  waves 
be  i  rig  two  dimensional  waves  attenuates  as  '  .‘JT  while  the  radiated  waves  as  1  p  .  Therefore  if  both 
file  t>  ansmi  ttei  arid  receiver  are  inside  the  duct  the  field  strength  is  computed  by  taking  into  account 
•ml/  toe  ,oi  face  wave  poles.  After  some  algebra,  the  final  result,  is  obtained  in  the  following  form 
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following  a  similar  procedure  for  t.he  magnetic  dipole  excitation  we  obtain  the  followin')  result  for  the 
vertical  magnetic  field. 
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where  now  the  surface  wave  numbers  are  determined  from  the  roots  of  the  equation  ,'Wq)  o ,  \  is  the 
number  of  roots  and 
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As  oc  ,  the  Hankel  function  in  eqs  (18)  and  (19)  can  be  replaced  with  the  asymptotic  expansion: 
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4.  COMPUTATION  OF  THE  FIELD  FOR  THE  REGION  z>k 

In  this  case,  the  field  should  be  computed  by  substituting  eqs.  (11c)  (12c)  into  (8b),  (9b)  respectively. 
Again  we  consider  the  vertical  electric  dipole  first.  The  JT~Z  potential  function  after  transforming  the 
integration  variables  into  cylindrical  coordinates  and  by  using  eq.  (14b)  can  be  written  as: 

:r, -£•  j  3^  c  (21) 

T  -  o 

Ine  residue  contributions  due  to  the  surface  wave  poles  gives  leaking  waves  because  of  the  e  2 
; e i .  Inert  the  surface  waves  and  the  radiation  field  could  have  comparable  contributions.  Therefore  it 
is  necessary  to  consider  both  kind  contributions.  To  this  end  use  is  made  of  the  steepest  descent 
technique.  Substitute  for  the  integration  variable  J)  =  -kaCvsoC  and  define  ,  «.  -  |  +  , 

Inert  m  tne  new  complex  a-plane  the  integration  path  is  shown  with  the  Ca  where  the  location  of  the 
,,i  face  wave  poles  is  also  indicated.  Introducing  the  spherical  coordinates  P  =  <?  ,  z-h  = 

and  by  using  eq.(20)  the  7T2  potential  function  is  written  as: 
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The  stationary  point  of  the  integrand  function  in  eq.  (22)  is  determined  from  Sm(a->40)  -  o  or 

,  -  •  ine  steepest  descent  path  Cs  (see  Fig.  4)  is  obtained  from  the  conditions: 

CV  e  b‘V-  co>ftri)  c.'  or  <:<psf<f-f  v0>  -i 

subject  to  .  ,r,  ,'s  -vW,,''  m)  •  It  is  possible  to  apply  the  Cauchy  theorem  to  compute  the 


integral  in  eg.  (22)  for  the  contour  c<j  ,  'j  ,  (-  os  T  ,  Ti 

vani shes  exponentially  on  the  Tg  and  T2  paths  and  then  from  eq.  (22) 


(see  Fig.  4).  The  integrand  function 


>  Prs(rw') 

,--r  s  3*>; 


■  ,  s.mvj s/,,1 


V  >s  c  v  e  tv  r-xy 


pi  order  to  compute  the  integral  on  the  Cs  path  we  follow  the  well  known  procedures.  If  however  y0~o 
wnifh  is  th<>  lost  interesting  case  in  practice,  then  care  should  be  taken  for  the  approximation  of  the 
'  ■■  ;  fijni  tion  around  the  <  •  on  the  steepest  descent  path.  Indeed  if  the  elevation  angle  ia 

(see  Fig.  1)  is  sufficiently  small  the  surface  wave  poles  are  in  the  vicinicity  of  the  stationary  point. 


[non  as  we  introduce  into  the  integral  of  the  eq.  (23)  .v  <\s  * 

on  the  f.:,  contour  the  functions  appearing  under  the  integral  sign  are  expanded  as: 
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Ine  approximate  steepest  descent  integral  then  takes  the  form 
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or  computing7  the  definite  integrals  and  substituting  the  F'x)  function  fromeq.  (22b)  and  (11c)  we 
obtain  the  final  result:  /v  .  <L 
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Fig.  4.  Complex  o(-pl ane 


a.  ANALYSIS  OF  MULTIPATH_ DISTURBANCES  IN  A 
TROPOSPHERIC  DUCT  FOR  A  PSK  SYSTEM 


The  results  obtained  in  the  preceding  sections  concern  the  electromagnetic  field  under  a  continuous  wave 
excitation.  Consider  the  case  of  the  eg.  (18)  which  can  be  rewritten  as 
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where  ,\tioa)-  "3 vtM/7>(t)  Iw,uj0  is  the  group  delay  and  when  Juj-uj„|/ojo  «  j_ 
sponding  real  field  in  the  time  domain  is  computed  easily  and  is  written  as 

£z  (p,z,t)=21  Sm(uJo't-Vl(uJ0)f>)  p(t-Vt'(u>„)f>)  (31) 

l  =1 

This  shows  that  the  signal  arriving  to  the  receiver  consists  of  several  surface  waves.  For  each  surface 
wave  the  propagation  delay  is  given  by  v/oa.ip  and  the  corresponding  phase  notation  by 

The  notation  w„)p;  is  to  indicate  the  delay  of  the  electric  dipole  moment  signal  in  the 

time  domain.  The  modulation  signal  can  be  expressed  with  a  time  domain  wave-form  as 

rJ 
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where  T  is  the  bit  transmission  period,  Jrj  is  the  number  of  bits,  for  a  PSK  signal  CXn-  ±1  and 
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The  electric  dipole  moment  is  propotional  to  the  antenna  current.  Then  pw=c  V-tt-y  ,  with  c 

being  a  constant  depending  on  the  antenna  type  and  transmitted  power  level.  In  addition  to  the  useful 
information  signal  we  always  have  the  additional  Gaussian  channel  noise  affecting  the  communication  link. 
According  to  these  considerations  the  signal  at  the  receiver  I.F  Channel  output  can  be  written  as 
f 
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Fig.  s.  Block  diagram  of  the  demodulation  process. 

where  *  i  s  a  propoti  onal  i  ty  constant,  P  Me.  or  and  (£*<«■)  v-nVn)  /l  is  the  noise 

envelope  in  the  I.F.  filter  output. 

In  most  practical  cases  a  differential  modulation  scheme  is  used.  A  simplified  block  diagram  of  a  such 
receiver  is  shown  in  Fig.  5.  The  output  from  the  phase  detector  after  the  low  pass  filtering  is  written  as 
P  P 
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If  ii,  '  * r  l  (  L  in  teger  mul  tipi  ier)  and  i  f  the  decision  for  the  transmi  tted  bit  is  done  with  sampling 
at  the  time  instants  W„4  P'2  ,  i0iM/2  ,  f ,,  *  '>T/2  the  sampler  output  is  written  as 


r 


(34) 


where  ?  ,  s  •  r  ,  /.- '  ’  3  and  A  r,  >/.  is  the 

differential  delay. 

It  should  be  emphasized  that  the  assumption  of  sampling  in  the  middle  of  the  bit  period  increases  the 
sucep  ti  bi  1  i  ty  of  the  PSK  demodulation  to  multipath  fading.  Examining  eq.  (34)  we  can  distinguish  two  extre¬ 
me  cases: 

(a)  When  A  r,  «  /  ,  then  intersymbol  interference  phenomena  are  neglible.  The  existence 

of  multipath  propagation  is  exhibited  in  the  form  of  constructive  or  destructive  interference. 

(b)  When  A  or  Arl  >  7  then  a  strong  intersymbol  interference  or  otherwise  known  as 

selective  fading  is  observed. 

In  this  paper  we  are  interested  for  the  (b)  type  phenomena.  However  it  is  directly  evident  that  if 

■>  ’’  the  communication  channel  is  highly  dispersive  and  adaptive  equalization  could  be  utilized  to 

reduce  the  selective  fading.  This  results  into  a  complex  receiver  design  and  it  will  not  be  treated  further. 
In  the  rest  part  of  this  paper  we  focus  our  attention  to  the  case  when  A~r,  ^  T  i.e.  each  bit  inter¬ 
acts  with  the  next  transmitted  bit.  Under  this  assumption  the  summation  over  the  m  and  n  integers  in 
eq.(34)  can  be  reduced  to  the  integer  values  n-  £-4  ,  <  and  -yyj  =  J-Z  »  C-4  .  Furthermore  introdu¬ 

cing  some  new  random  variables 
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i •,  ijer  t,,  ._!iiiip,jte  the  probability  of  error  for  each  transmi  tted  bit  an  assumption  should  be  made  for  the 
”■  .Hi  i  c.i  t  i  on  protocol  for  the  di  fferenti  al  ly  coherent  phase  shift  keying.  If  ti/  0  f  i  then  the 
r  r.insri  t  ted  bit  is  mark  (u°  phase  shift)  and  if  (}(  //.'*  then  it  is  space  (180°  phase  shift), 

therefore  the  conditional  error'  probabilities  are  written  as 

■  l;  7. 
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is  tne  Q-function  of  the  probability  theory. 


6.  NUMERICAL  RESULTS 

Numerical  computations  have  been  performed  using  the  theory  of  the  previous  sections.  In  the  following 
computations  the  tropospheric  duct  height  is  taken  h=100m,  the  relative  electric  constant  is 
-s -  =  1 . U00 12U  and  propagation  is  considered  for  f^lGHz  and  f=3SHz  transmission  frequencies  for  vertical  polari¬ 
zed  waves.  In  fig. 6  the  error  probability  Pe  is  given  vs.  the  signal  to  noise  ration  (S/N)  for  the 
f - 1  flu z  frequency  and  a  path  length  of  100km  where  the  number  of  participating  modes  is  Ne=7. 

The  surface  waves  are  grouped  in  two  packets  in  terms  of  the  differential  delay  which  are 
At  -  8i  and  23  hh  ns  for  100km.  According  to  this  there  are  three  different  bit 

transmission  rate  regions  with  different  corresponding  Pe  vs.  (S/N)  behavior.  These  regions  are 
T<  2«l*  8l’  J9  62ns  ,  ig.fe'3ns^T<r?r23.56=zf^g2  and  T>47  9Z«s 

When  r<Z9(,2-r>  the  Pt independently  of  the  (S/N)  ratio  and  when  r>q7  92  ns  the  Pe 
dependence  to  the  (S/N)  ratio  is  the  same  with  the  ideal  DPSK  modulation  case. 

In  fig.  I  results  are  given  for  the  same  tropospheric  duct  path  for  a  higher  frequency  f=3GHz  where  the 
number  of  surface  waves  is  Ne^l9.  The  variation  of  the  Pe  with  the  bit  transmission  rate  is  an  interesting 
one.  Ooserve  that  for  the  assumed  tropospheric  path  of  100km  maximum  available  bandwidth  is  '  /  eons  - 
12.  M  at  f- 3GHz  transmission  frequency. 


7.  cpiious j  ons 


The  multipath  propagation  in  tropospheric  duct  media  is  treated  analytically.  Analytical  expressions 
are  developed  for  tne  probability  of  error  Pe  versus  signal  to  noise  ratio  (S/N)  for  a  differentially 
coherent  Phase  Shift  Keying  Communication  system,  numerical  results  have  been  computed  for  several 
cases.  The  results  of  these  computations  reveals  the  restrictions  that  are  impos  on  Digital  Radios 
oy  tne  multipath  propagation  in  tropospheric  ducting  media. 
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ABSTRACT 


A  major  contribution  to  system  outage  in  a  terrestrial  digital  radio  channel  is  deep 
fading  of  the  frequency  transfer  characteristic,  which  in  addition  to  causing  a 
precipitous  drop  m  received  signal-to-noise  ratio  (s/n)  also  causes  signal  dispersion  that 
cun  result  in  severe  intersymbol  interference.  Because  the  temporal  variation  of  the 
channel  is  slow  compared  to  the  signaling  rate,  the  information  theoretic  channel 
capacity  and  tiie  "Efficiency  Index"  in  bits/cycle  -  a  f igure-of-mer it  we  use  for  the 
communication  techniques  considered  -  can  be  viewed  as  random  processes. 

Based  on  an  established  mathematical  model  for  fading  channels,  we  estimate  the 
probability  distribution  of  channel  capacity  and  the  distribution  of  efficiency  indices 
for  different  communications  techniques.  A  crucial  obstacle  to  achieving  these  rates  is 
the  nonlinear  distortion  introduced  by  power  amplifiers.  We  also  describe  a  method  for 
coping  with  this  nonlinear  distortion. 


INTRODUCTION 


Ending  of  terrestrial  digital  radio  channels  owing  to  multipath  reception  is  a  prime 
cause  of  system  outage.  For  a  specific  hop  a  mathematical  model  of  these  fades  has  been 
developed  by  W.  D.  Rummler^ « 2  from  measurements  of  the  channel  frequency  power  transfer 
characte r istic  over  time.  The  radio  channel  has  a  time-varying  frequency  characteristic, 
with  additive  Gaussian  noise;  however,  the  temporal  variations  are  slow  in  comparison  to 
the  data  symbol  rate  so  that  the  characteristics  can  be  represented  as  a  random  ensemble 
of  static  power  transfer  functions.  The  presence  of  additive  noise  implies  that  each 
member  of  the  ensemble  is  limited  to  a  maximum  rate  of  transmission  of  data,  depending 
on  the  communication  method.  For  each  specific  communication  technique,  the  stochastic 
nature  of  the  channel  makes  it  meaningful  to  consider  the  probability  distribution  of 
data  rates  that  can  be  supported  at  a  certain  bit-error-rate  objective. 

Hi  ;h  bit  rates  are  achieved  with  multilevel  signaling  or,  with  a  modulation  technique 
referred  to  as  Quadrature  Amplitude  Modulation  (QAM).  The  use  of  this  technique, 
however ,  has  been  inhibited  by  the  amplitude  (AM/ AM)  and  phase  (AM/PM)  nonlinearities 
present  in  r-f  power  amplifiers. 

H" re  we  also  discuss  the  problem  of  adaptive  predistortion  linearization .  We  describe  a 
transmitter-based  recursive  algorithm  for  predistorting  the  signal  constellation, 
thereby  rendering  a  virtually  linear  transmitter.  The  algorithm  operates  in  real-time 
and  is  data-directed.  The  predistortion  is  accomplished  within  a  digital  memory,  which 
is  used  t->  generate  the  desired  baseband  signal. 

I  I .  THE_ EQUALIZED  QAM  SYSTEM- I DEALI Z ED  MODEL 

The  use  of  equalizers  to  mitigate  the  effects  of  ISI  and  noise  in  voiceband  data 
transmission  is  by  now  standard.  We  are  thus  led  to  consider  the  application  of  these 
techniques  in  digital  data  transmission  over  the  radio  channel  where  slowly  varying 
i re  puency-se lect ivo  fading  is  the  predominant  impairment. 

ur  in a  lyses  are  based  on  the  digital  communications  model  depicted  in  Figure  1.  To 
ipi’t  er late  the  applicability  and  generality  of  this  baseband  model  to  digital  radio 
■  1 1 :  lent  ions,  we  observe  that,  for  any  bandpass  linear  channel,  the  output  waveform, 

when  the  input  is  any  linearly  modulated  data  wave,  can  be  represented  as 
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s  ( 1 1  -  R>: 


a  n  i 
n  i 


wr.i  ■  si  ir.ds  for  the  "real  part".  The  data  symbol  •  an  •  transmitted  at  T-second 

v  1 1  ,  it*'  statistically  independent  and  assume  complex  values.  The  overall 
"•nn  v  ilent  baseband  impulse  response,  h(t),  is  also  comp lex-va lued .  The  real  part 
r-g  r  "sent  s  the  i  :i -jiha.se  response,  while  the  imaginary  part  is  the  'quadrature  component. 
The  : re  tuency,  ( r) ,  is  the  carrier  I roquency,  is  the  carrier  phase,  and,  tg  is  the 
'  i:-in:  phase.  Ideal  demodulation  with  a  known  carrier  frequency  fo  and  carrier  phase 
implies  i  translation  of  the  received  bandpass  signal  to  baseband.  The  real  part  of  the 
rmiltin  :  complex  signal  represents  the  in-phase  modulation,  while  the  imaginary  part 
is  the  juadrature  modulation.  This  then  is  the  rationale,  in  addition  to  economics  of 
notation,  for  using  the  complex  baseband  model  depicted  in  Figure  1, 
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i  not  at  i  ons  .  Wi  tdiout  loss  of  general  i  ty  we  assume 


lev  it  i  s's-ujols,  a  +  ib  ,  take  values  on  a  set  of  positive  ar 

*  a  n  n  — 

la  iste  ;ers  with  equal  probability.  Accordingly, 


H  i  0  and  tba 


,  ir  -  l 

‘  3 


denotes  muthem.ut  u-a 1  expectation  and  L  (even;  is  the  maximum  number  of  data 
unit'd  by  <_  and  b;i .  Thus,  in  oAM,  1.2  data  points  are  available  for  conveying 
n  ami  the  source  therefore  generates 


1  o.pL" 


bits/sec 


n  cliannel  bandwidth,  W,  the  efficiency  index  is  defined  as 

2  log?L 

I  ;  K/W  ' - —  bits/cycle  .  (2) 

or.  ship  among  1\.  probability  of  error,  s/n,  W,  T  and  H  (  .  )  is  rather  complicated, 
cussed,  m  detail  in  Reference  3. 

radio  channel  is  characterised  by  a  slowly  varying  linear  filter  whose  baseband 
complex  impulse  response  is  the  Fourier  transform  of  the  transfer  function 


i :  i it )  ~  h.  it;  <■  i  h  ,  ( t. ) 


,  .  u..t  dv 
H(-.)  e  ^ 


v-  :  'he  id  iota  complex  noise  process,  .  ( t )  =  ,i(t)  +  iv2  (t)  ,  is  assumed  to  be 
a:,  wii.ii  i  t)  independent  of  .  2  (t)  and  each  possessing  a  double-sided  spectral 


h  .  (t)  .  2  --  Ibj  (t)  +  E  |  ( t ) 

=  V(0)  • 

.  ;  f  .he  bit  ic  delta  function.  The  average  transmitted  signal  power,  Pq ,  for 
:  m. matting  filter  can  easily  be  calculated.  However,  for  our  purposes  a 
m*  print  if/  is  the  received  signal  power 

2  2 

i,  _  „2„  L  -  1  K 

1  K  P0  =  2 - 3~  ^  ' 

i  :  .listin'  that  includes  the  effects  of  amplifiers,  antennas,  and  the  unfaded 
c.  i.  All.  ■,  the  id  led  average  noise  power  in  the  Nyquist  band,  W  =  1/2T,  is 


)  ) 

•  >  L  .1  K~  1 
"  Jl  1  N,.  T 


i  i  t  • 1  ?  viM;  .;r  mpb 


‘  i  a  t  i  nr;  cnasi  s  t  s  a  t  a  po  r  f  co  t  demod u  1  a  t  nr  t  o  1  \  owe d 
r*  *sc  onse  W i 1  }  ,  a  sampler,  a  decision  device,  and  a 
receiver  entails  the  selection  o I  Wit)  and  the 
S  i:vn  the  o h < i n n e  1  c h a t  a ctnr  i  s  t  i  c s  a  r e  u s u  a  1  1  y 
nvrHs  must,  be  tint  ernmod  adapt,  i  ve  ]  y . 


b:r,  -ons  i  del  »  h«*  soma]  sample  at.  the  output  of 
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N i > iso  Turiperature 


receiver  muse  temper at ui e  is  the  nun  of  the  effective  temperatures  of  the  antenna,  transmission 
•  me,  preamplifier  and  succeeding  stages;  here,  the  primary  contribution  is  due  to  the  preamplifier;  a 
seoundury  contribution  due  to  ttie  ar.tenna  and  transmission  line,  and  a  minor  contribution  due  to  the 
i  icceeumg  stages.  The  receiver  system  effective  noise  temperature  (referenced  to  the  preamplifier 

ouutj  is  given  ty22. 
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To  =  J’I’a  f  T’o(  1  -  a  )  +  Tf  f  Tn 

n=2  Grt-1 


whore  a 

ta 

To 

T1 

T'm 


is  transmitter  line  transmission  coefficient  (0.7  ^  1  dB)  ; 
is  tlx?  antenna  effective  noise  temperature  (290°^); 
is  the  physical  temperature  of  the  transmission  line  (290°K); 
is  the  noise  tanperature  of  the  preamplifier  (115 0°^  @  7  dB)  ; 
is  the  noise  temperature  of  the  succeeding  Mth  stage  and 


is  tiie  gain  preceding  the  Mth  stage. 

UsirKj  trie  above  inputs,  the  receiver  effective  temperature  is  estimated  at  approximately  1500°K.  The 
major  noise  temperature  contri but  ions  are  those  prior  to,  and  including,  the  preamplifier;  subsequent 
.ita-jes  are  not  a  major  contribution,  duo  to  the  reciprocal  gain  function. 


.'receiver  Noise  Figure 

The  receiver  noise  figure  F  is  given  by  the  equation23: 


F  =  (  1  +  TcAo  ) 


For  tne  effective  temperature  Tc  of  1500°K  above,  the  noise  figure  for  the  baseline  receiver  is 
estimated  at  6  (absolute  number),  or  8  dB. 

receiver  Noise  Input 

Tne  receiver  noise  input  can  be  given  by  the  thermal  relation,  using  the  effective  noise  temperature: 

Nth  =  *T0B,  where  k  is  Boltzmann's  oonstant  at  -198.6  dBnv/°K/Hz, 

Te  is  the  effective  noise  temperature  at  1500°K,  and 
B  is  the  receiver  noise  bandwidth  at  (nominally)  2D  KHz. 

iipi valent ly,  ft*.'  noise  input  can  be  derived  from  the  physical  temperature,  using  the  expression: 

Nth  = 

For  tin  ;ystor.s  under  consideration  (tore,  the  thermal  noise  input  is: 

16  Kbps:  Nth  =  "1-22  dBm 
2.4  K:jps:  Nth  -  -130  dBm 


link  B  i-itr  CMiCuuvriONs 

Mu x i it ci:  Allowable  Attenuation 

The  '.ink  cower- tudget  calculations  determine  maximum  allowable  attenuation,  according  to: 

'VrrNnux  =  FffeCive  Radiated  Power  -  Thermal  noise  -  Margins 

-  -  Nfh  +  Pp^  f  c>rx  +  Gpx  “  S/N  -  LINKMARGIN  by  reordering  and  substituting. 

2: ii  win  :  system  tar.el  ine  calculations  and  parameters  are  determined  Eran  the  above  relationships: 
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Receiver  Noise  Temperature 
R'ceiver  Noise  Figure 
I  )ut  a  Rat  e 

Detection  Banilwidth 
Thermal  Noise  Power 
transmitter  Power  Amplifier 
Transmitter  Antennna  Gain 
Receiver  Antenna  Gain 
S ignal-to-Noi se  Requirement 
!, ink  Margin  Allowance' 
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Time: 


Hi"  .w»ep  time  is  calculate!  by  1  irui in]  the  dwell  time  in  each  scanning  bandwidth  sample, 
uu Lt  lply  i:x;  by  the  number  of  bandwidths  to  be  sampled: 


time/ sample  x  nuirtier  of  sasple: 


-  b  1 1 s/sanp Le  x  t  imp /bit  x  swept  bandwidth 

sampling  bandwidth 


=  bits/sanplo  x 


1 


IK  BW 


data  BW  detection  BW 

rut  1-bit  sampling,  using  2.4  Kbps  data  rate  as  worst-case: 

fc sweep  =  2  bits/ (2.4  x  10-*)  bits/sec  x  430  Kiiz/4.bKiiz 

=  30  msec. 


Acquisition  Probability 

••Vxjuisition  probability,  PaCq,  is  determined  by  tlie  prooabil ity-ot-detection  per  sweep.  The  acquisition 
:  reliability  for  any  number  of  sweeps,  i,  is  given  by: 

“’acq  -  l  “  (  Bir.iss  1  1 
-  1  -  (  1  -  PU  )  1 

t.  .ll.iwing  list  of  acquisition  probabilities  over  an  integral  number  or  sweeps  is  generated  for  2.4 
Kbo  data,  and  *»p  of  3Si  and  60%: 
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A  lew  ;w. ■ops  ;;.iy  lx.*  .»ut t ic lent  to  satisfy  acquisition  requirements  lor  a  system  as  here  discusser!. 
frock  uvj 

fracking  rojuirements  are  iJel  ineil  by  the  short-term  oscillator  instabilities,  and  by  the  Doppler  rate  of 
frequency  shift,  or  frequency  slew.  Kor  syste.ns  with  high  Doppler  in  close  passage,  it  is  obvious  that 
the  :;!■  w  can  be  extremely  high,  as  determined  by  tlio  separation  distance,  and  the  velocity-vector 
•i  i  i  terences.  ihe  Doppler  t  une-rate  ot  change,  or  Doppler  slew,  can  significantly  inpacts  tracking 
•lrcuit  r-erformanee.  The  slew  is  essentially  proportional  to  relative  platform  acceleration.  This 
acceleration  can  be  caused  by  actual  aircraft  change  in  velocity,  or  by  apparent  platform  velocity 
change  due  to  time-variation  in  the  geometric  situation.  In  the  first  case,  the  slew  will  be  relatively 
dew,  in  the  second,  |eome  trie  conditions  can  change  extremely  rapidly  in  close  passing  situations,  and 
it  i:;  easily  conceivable  that  the  Doppler  slew  can  exceed  circuit  frequency  tracking  capability. 

1  rack  ir>}  capability  tor  coherent  demodulation  is  also  affected  by  phase-noise  generated  by  the 
iq  ill  i"r 

r  r  oja; -ricy  of  t  .ft  contribution 

r'r»»;  sency  ot  *  :>*t  in  detect  ion  circuits  will  result  in  signal  loss,  and  affect  link-margin  calculations, 
marims  of  1,  2,  and  J  IB  correspond  to  signal  phase  offsets  of  roughly  40°,  50°,  and  60° 
ivly.  '.v  illow  a  1  <1B  loss  in  the  link  narqin,  corresponding  to  a  10%  offset  in  the  tracking 

•  l  r  cu  1 1  ■  . 


.a'-'  in  :m  aii'/.vjrx:"  ■  i bri.'Vu< IfN j  fur  tile  biseline  is  e.  r  noted  a. 3  follows: 


.'ran  im  h  ter  line  lov  l  i,. 

hr  switch  e,ss  a.  i  in 

ivun/to)  allowance  i  id 

receiver  lir.e  loss  .  .in 

AK  switch  lost  j..  i. i 

f  requency  track  i-iq  i  ,  I  in 


link  '4,1  r  i  in  Allow  rx 


1 


DCnXJllul  jt  ion 


A  traifc.— off  analysis  is  tojuired  to  lietermine  uest  type  of  demodulation  tx;  tween  ooficrent  and  non- 
ounerent;  this  analysis  has  not  tieen  performed.  Due  to  the  possibility  of  rapid  phase- fluctuations 
ttirough  a  turtiulent  atmosphere,  we  asswte  non-coherent  FSK  <kanodulation  for  the  baseline. 

Probability  of  Frror 

LPC  decod i  nq  is  oonsiuered  satisfactory  at  10~2  bit-error-rate.  This  translates  to  a  minimum  siqnal-to- 
noise  reijui r orient  of  9  dB  for  non-ooherent  FSK  detection  (7  dB  for  coherent  FSK) 20.  in  a  Rayleigh  fading 
channel  the  S/N  requirement  for  noncoherent  detection  rises  to  20  dB;  link  margin  allowance  of  this 
magnitude  rruy  not  be  available  for  this  application,  and  syston  performance  might  be  marginal  under 
tfiese  conditions.  The  lading  issue,  tlierefore,  is  critical  to  these  considerations. 

Probability  of  Detection 

Tiie  probability  of  detection  (Pq)  is  estimated  at  85%,  for  a  non-ooherent  detection  S/N  retirement  of  9 
ilB^l.  In  the  case  of  Rayleigh  fading,  the  detection  probability  for  9  dB  S/N  reduces  to  60%.  The  figures 
for  detection  probability  were  derived  on  the  basis  of  10-2  false-alarm  probability  (PpA)  .  Under  fading 
conditions,  to  maintain  the  85%  Pq  figure  quoted  above,  and  for  10_2  Pp^,  the  S/N  requirement  rises  frem 
9  dB  to  14  dB.  Again,  fading  may  considerably  affect  system  performance. 


Acguisi tion 

Acquisition  time  must  not  impact  significantly  into  message  time.  Tlx;  acquisition  time  depends  on  the 
detection  probabilities,  the  sweep  time  of  the  scanning-receiver,  and  the  ratio  of  total  swept  bandwidth 
to  scanning  bandwidth.  There  is  a  maximum  bound  to  the  swept,  or  IF,  bandwidth  determined  by 
acquisition-time  requirements.  It  is  of  little  consequence  whether  the  bandwidth  is  determined  by 
oscillator  uncertainty/instability,  or  Doppler  shift  (the  major  difference  between  them  is  that 
increased  oscillator  instability  may  cause  increase  in  phase  noise) . 

There  is  a  difference  between  the  acquisition  bandwidth  and  the  detection  bandwidth.  The  detection 
bandwidth  is,  for  FSK ,  that  which  passes  through  one  of  a  pair  of  filters,  each  centered  on  a  different 
FSK  frequency  (for  simplicity,  we  consider  the  detection  bandwidth  of  a  signal  at  a  data-rate  D  Kbps  as 
equi valent  to  nuLl-to-null  bandwidth,  2D  KHz,  of  a  sin2x/x2  spectrim).  The  acquisition-channel 
bandwidth,  however,  must  be  capable  of  detecting  either  signal  at  any  time.  This  involves  an  ambiguity, 
as  to  whether  the  first  detected  signal  (Fig.  4a)  is  in  the  upper  or  lower  frequency  state,  since  the 
other  FSK  frequency  may  be  either  higher  or  lower  them  that  first  detected.  The  acquisition  channel  must 
be  able  to  handle  this  ambiguity;  this  involves  an  increase  in  total  bandwidth  for  the  acquisition 
channel,  we  assume,  for  our  first  example,  the  offset  of  the  FSK  frequency  shift  centered  at  the  first 
null  (Fig.  4b).  For  this  offset,  the  total  acquisition  bandwidth  of  4D  is  the  farthest  null-to-null 
bandwidth  of  the  combined  signals,  including  any  ambiguity.  If  the  frequency  offset  is  centered  at  the 
second  null  for  purposes  of  decreasing  bit  error,  the  acquisition  bandwidth  would  be  6D  (Fig.  4c). 

This  problem  for  a  scanning  receiver  is  a  consequence  of  the  indeterminacy  in  location  of  an  offset 
signal,  on  detection  of  the  first  signal.  Superficially,  it  could  be  presumed  that  a  scanning  receiver 
could  acquire  on  one  frequency  only,  with  a  penalty  of  3  dB  due  to  loss  of  detected  envelope  power  in 
the  alternate  frequency  state.  This  is  precluded  here  by  the  acquisition  requirements.  Since  the 
sampling  time  of  a  few  bits  is  so  short,  it  is  well  within  possibility  that  a  single- frequency 
acquisition  circuit,  with  a  filter  bandwidth  equal  to  the  null-to-null  bandwidth  of  a  single  frequency 
state,  could  miss  both  signals  during  a  sweep,  by  sampling  when  the  signal  is  in  the  opposite  state. 
This  problem  might  be  handled  by  a  set  of  three  filters  in  the  acquisition  circuit,  each  with  banuiwidth 
equivalent  to  the  detection-bandwidth,  and  offset  by  the  FSK  frequency  difference.  Acquisition  ;trategy 
then  would  involve  detection  of  the  first  frequency  using  the  center-tuned  filter,  providing  detection 
capability  at  either  higher/lower  frequency  by  the  remaining  filters. 


FIUJRK  4.  AOJUISITICN  BANDWIDTH 


1  transmission  Line 

At  jU  tJlz,  the  loss  rate  ot  WK-19  Utt'  waveguide  is  0.05  dB/inch  or  0.02  dB/un18.  To  reduce  transmission 
line  loss,  lines  should  be  us  short  as  possible;  transmitter  amplifier  sections  and  receiver  front  ends 
...h.ild  ;e  positioned  close  to  the  antennas.  Assuning  short-length  lines,  we  allow  approximately  1  dB 
.  is;,  in  trio  line  iron  the  power  amplifiers  to  the  antenna,  in  addition  to  0.5  dB  loss  in  the  rf  switch, 
bn  •  amounts  tor  line  loss  are  allowed  f ran  the  antenna  to  the  receiver  preamplifier. 

Antennas 

A  major  difference  between  air-to-air  applications  and  others  is  the  antenna  coverage  problem  to 
maintain  cannumcat ions  throughout  operations.  Aircraft  will  of  necessity  undergo  many  geometrical 
ot lent  at  tons  during  operations.  In  addition,  aircraft  formations  usually  utilize  altitude  differences 
:*>tweon  aircraft.  Transmission  or  reception  between  aircraft  frem  any  single  point  on  the  aircraft  may 
experience  blockage,  due  to  the  fuselage,  wings  and  stores.  Since  conm uni  cat  ions  are  required  throughout 
operations,  it  is  necessary  to  implement  antenna  design  to  provide  maximuri  geanetrical  coverage.  This 
requirement,  is  reflected  in  use  of  wide- beam/ low-gain  antennas  only,  and  in  top  and  bottan  antenna 
mounting  on  the  aircraft.  The  best  antenna  typo  appears  to  be  the  discone,  for  azimuthal- 
unnidi rect lonal  pattern,  combined  with  circular  polarization,  to  partially  correct  for  misalignment 
:«'tween  airuorne  platforms  due  to  arbitrary  orientation  of  aircraft  during  maneuvers.  Although  it  will 
:»'•  simplci  ely  solve  this  problem,  top  and  bottom  antenna  placement  will  alleviate  blockage  to  a  large 
extent.  However,  top  and  bottem  antenna  placanent  complicates  the  implementation  of  EHF,  due  to  the 
loe.jy  nature  ot  transmission  line  at  these  frequencies.  Desiqn  ot  the  EHF  system  would  necessitate  that 
f  i  ur.sinit  ter  amplifier  units,  including  the  RF  switch,  and  receiver  front  ends  be  close  to,  or  integral 
w.tii,  '  .it;  antenna  jmt. 

. , :  jo  u_l_  :  ntert  or  cnee 

A.  ■  ’  •  - ;■  .eno'  w!  transmission  f ran  multiple  antennas,  interference  between  the  signals  may  occur  at 

•  r  u.nr-  nna,  resulting  in  reduced  capability.  In  order  to  reduce  this  interference,  the  fields 

.'.'.w  :«•  save  mimmur,  overlap.  This  might  tie  accomplished  by  antenna  design  to  restrict  overlap  in 

•■■■■  :  i  1  ■:  v,.,;ori,  or  by  positioning  the  bottan  an*  onna  such  that  the  aircraft  body  and  stores  could 
'•  •  :*  :  ;•  id  ot  view,  tin.'  field  ot  view  of  the  bottem  antenna  being  primarily  in  a  downward 
."n,  it  id  restricting  lateral  pattern-over  lap.  The  top  antenna  would  provide  coverage  to  the  side 

i: ,  :  a.w  i:  , . 

I;,  oirott.n;  *  :<•  i  :/■  -r :  er»r.i  a  •  pr  onion  l  n  a  ditferent  manner,  multiple  signal  interference  may  be 

■  -i.o'-l  y  k'  >,[!<■:  at  ion  (diversity)  processes  in  space,  time,  frequency,  or  message  structure  (coding). 

1’  *  to*  i ,ii  decorrelation  occurs  as  a  matter  of  course  due  to  the  large  wavelength 

oooi-io  :»'(**•!!  fop  txJ  tntton-aiojnted  antennas,  or  because  of  transmission  through  different 
i>jt«»;;«;erti.-  p.itfis,  in  u  turbulent  medium.  We  have  not  yet  aonsideroo  this  aspect  in  depth  yet,  to 

‘.mute  w:n*t  her  spat  lal  decorrelation  m  this  context  occurs.  If  interference  exists,  and  spatial 
diver  .t,  i ioc-.;  not  occur ,  then  tlie  other  diversity  techniques  as  mentioned  above  must  be  considered, 
wi  *  h  i  ‘  f  end. in  f  system  complexity.  However ,  due  to  time/ bandwidth  limitations,  code-diversity  does  not 
pH.*  i:  t eas ib! e;  emphasis  tnecotore  would  be  on  frequency-diversity  by  offsetting  frequencies  between 
f.j;j  i;«.l  tot  ton  antennas,  and  on  time-diversity  by  alternate  switching  between  antennas  (the  use  of  time- 
divrsify  would  involve  a  1  dB  loss  in  average  signal  power). 

He'd  ■  i  v.'I 

A  iigi'al  FI-V  receiver  is  probably  optimal,  but  rot  practicable  at  the  present  stato-ot-art .  An  FFT 
receiver  should  event uai 1 y  to  considered  with  regard  to  this,  or  similar,  applications. 

rt ejn.pl  1 1  ary  Mixers 

:.;t  att-of-thc  art  capability  tor  EHF  preamplifier-mixers  with  regard  to  noise  figure  is  in  the  6- 
7  dis  range''’;  we  me  fix'  higher  figure  incur  calculations  here. 

IF  Hurtdwidt h 

in*  IF  bindwidth  i:.  determined  by  the  sun  of  oscillator  frequency  uncertainties  (both  transmitter  and 
r reel  vet ) ,  Doppler  frequency  uncertainties,  and  the  data  bandwidth.  Assuming  elimination  of  all 

■  1 1  ator  uncertainty,  there  is  still  an  irreducible  frequency  uncertainty  due  to  Doppler  shift,  on  the 
ter  ot  100  KHz  or  greater,  corresponding  to  Doppler  shift  at  EHF.  Justification  of  oscillator  accuracy 

otter  t  fun  Doppler  uncertainty  can  not  be  made  at  this  point,  and  the  baseline  requirements  for 
•*.c  !  1  atot  accuracy  use  this  is  a  bound.  For  these  considerations,  we  estimate  aircraft  in-line 
.i;>pr  -  >ich.  wi  tndruw.il  at  Mach  1  each,  giving  Doppler  shifts  at  faO  Qfz  of  +120  KHz,  resulting  in  an 
i.l'wince  lor  Doppler  shift  of  240  KHz.  An  equivalent  allowance  is  made  for  oGcillator  frequency 
i:  ’T  t  ai  n*  y;  this  is  within  present  iy-obt  a  inable  accuracy  capability.  The  total  IF  bandwidth  is  the  sun 
i  '  ;v  two,  si  is.  the  detection  landwidth.  The  detection  bandwidth  is  determined  by  1  ink-buiiqet 
-I'jsswri'  iti*  i;  if,  Ktpti  and  2.4  Kbps  data  rates  are  initially  used  in  the  calculations.  Detection 
bindwid*  t,s,  tor  those  rates  are  )2  KHz  and  4.6  Khz  respectively,  corresponding  to  the  nul  1-to-nul  1 
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Oscillators:  Frequency  Accuracy 


In  considering  oscillator  frequency  accuracy/stabil  ity  requirements,  we  base  our  considerations  on 
present  UHF  capability:  the  accuracy  of  the  present  airborne  AN/ARC-164  UHF  voice  radio.  The  following 
listl4  indicates  AHU-164  accuracies  for  its  various  component  units,  UHF  percentage  accuracies,  and  the 
EHF  equivalent  absolute  accuracies  corresponding  to  these  percentages. 


AN/AWJ-164  Unit 


Accuracy  UHF  Percentage 


EHF'  Equivalent 


Transmitter  +  500  Hz 

Main  Receiver  +  1.5  KHz 

Guard  Receiver  +  5  KHz 


+  2-10-6 
+  5-10-6 
+  2-10-6 


+  100  KHz 
+  300  KHz 
+  1  MfZ 


There  is  a  factor  of  200  between  the  UHF  and  EHF  frequency  bands,  and  we  shall  consider  whether 
frequency  accuracy/stability  factors  must  be  correspondingly  improved  for  successful  operation:  whether 
present  UHF  percentage  accuracies  suffice  for  EHF,  or  whether  frequency  accuracy  must  be  upgraded 
proportionally.  If  present  absolute  accuracy  requirements  are  translated  to  EHF,  the  best  present 
crystal  oscillators  would  be  needed.  This  would  impact  the  system  with  regard  to  size  and  weight,  warm¬ 
up  time,  and,  as  always,  ccet.  This  accuracy  problem  shall  be  discussed  further  with  regard  to  receiver 
IF  bandwidth. 


An  even  more  critical  problem  is  that  of  oscillator  stability.  Any  oscillator  used  for  generation  of 
EHF,  whether  generated  at  EHF,  or  at  a  lower  frequency  and  multiplied  up  to  EHF,  will  tie  subject  to 
instabilities  which  will  significantly  affect  modulation  type,  bandwidth,  etc.  These  instabilities  can 
be  corrected  to  seme  extent  by  phase- locking;  it  may  be  necessary  to  correct  instability  even  further  by 
more  complicated  means  (cavity- locking,  for  example).  Oscillator  stability  requirements  are  dependent  on 
modulation  type,  and  modulation  bandwidth.  The  area  of  voltage  regulation  is  also  very  important,  in  any 
discussion  of  oscillator  stability;  voltage  regulation  and  voltage-stability  requirements  must  also  be 
considered  with  regard  to  impact  on  frequency  accuracy/stability. 

Voice  Enooding 

The  baseline  considers  two  voice  digital  enooding  rates:  16  Kbps  and  2.4  Kbps.  16  Kbps  enooding  is  a 
straightforward  A/D  sampling  process;  2.4  Kbps  encoding  uses  a  linear  predictive  coding  (LPC)  algorithm, 
representing  sampled  speech  as  a  set  of  parameters,  including  frequency,  loudness,  etc.  At  the  receiver, 
the  2.4  Kbps  digital  stream  is  processed  and  restored  to  analog  speech.  Encoders/deooders  (vocoders)  for 
16  and  2.4  Kbps  speeech  are  standard  items  in  present  inventory. 

Modulation 

With  regard  to  type  of  modulation,  that  is,  in  choosing  between  amplitude,  phase,  or  frequency 
modulations,  we  have  spoken  above  of  the  possibility  of  amplitude/ phase  distortions  in  the  signal  by 
passage  through  a  turbulent  atmosphere.  Also,  for  a  scanning  receiver,  such  as  seems  to  be  necessary 
here  because  of  the  large  Doppler/detection  bandwidth  ratio,  acquisition  processes  require  a  constant 
envelope,  otherwise  there  is  a  possibility  of  failure  to  lock  during  acquisition.  Since  amplitude/ phase 
modulations  may  involve  same  difficulties,  the  alternative  is  same  type  of  frequency  modulation. 

In  accordance  with  our  design  philosophy,  the  modulation  chosen  is  the  least-ocmplicated  capable  of 
performing  the  required  communications  functions.  Narrowband  FSK  is  preferred  on  the  basis  of 
simplicity,  cost,  and  bandwidth  utilization  efficiency.  In  FSK,  the  carrier  switches  between 
predetermined  frequencies  either  by  modulating  one  oscillator,  or  by  switching  between  two  oscillators. 
Primarily,  applicable  FSK  forms  are  binary  noncoherent  FSK,  binary  coherent  FSK,  and  quaternary  FSK. 

Generally,  a  channel  with  B  Hz  bandwidth  will  allow  from  B  to  2B  binary  pulses  per  second  to  be 
transmitted  over  the  channel.  Alternately,  if  1 A  pulses  are  to  be  transmitted,  the  bandwidth  required 
ranges  frem  a  minimum  of  1/T  Hz  to  2/T  Hz,  depending  on  pulse  shape.  Multilevel  signalling  allows 
corresponding  higher  bit  rates  to  be  transmitted  over  the  channel.  The  system  bandwidth  is  essentially 
twice  the  frequency  deviation.  In  narrowband  FFI,  where  the  deviation  is  defined  by  the  data  bandwidth, 
fix?  system  bandwidth  can  approach  the  data  bandwidths  of  1/T  to  2/T-'-6. 

Ampl if lers/Pcwcr  Combining 

EHF  solid-state  amplifiers  are  negative-resistance  diodes,  such  as  Gunn  or  IMP  ATT  devices,  the  IMP  ATT 
(Impact  Avalanche  and  Transit  Time:  a  p-n  junction  diode  reverse-biased  to  avalanche  for  oscillation  and 
amplification)  structure  being  the  most  common  presently  used.  Silicon  and  gallium  arsenide  can  both  be 
used  for  IMPATTs;  silicon  has  better  frequency  performance  and  reliability  than  arsenide.  Although 
■  (allium  arsenide  is  at  present  the  most  popular  material,  it  is  not  considered  very  suitable  for  low- 
noise  appl ications.  Effort  in  being  expended  on  indium  phosphide  for  low  noise  EHF  amplification.  Solid- 
state  devices  are  recommended  for  airborne  applications,  although  lewer  in  power-output  than  tubes.  TIk 
use  of  tubes  (TWTs,  EIAs,  KIOs)  appears  to  be  inappropriate  for  airborne  use  on  the  basis  of  size, 
weight  ,  and  cost  oons  icier  at  ions . 

Individual  amplifiers  can  be  combined  to  provide  more  power .  For  present  EHF’  solid-state  CW  power 
amplifier  capability  of  approximately  1.25  watts/ unit 16, H  r  linear  pawer-ccmbining  oould  provide  up  to  5 
watts  of  EHF.  Linear  combining  of  more  than  four  amplifier  units  is  difficult;  radial-geometry  is 
rectmmended  for  further  combining.  There  is  no  inherent  upper  limit  for  radial  combining,  but  we 
hesitate  to  recommend  combining  of  more  than  ciqht  power  amplifiers,  again,  on  the  tosis  of  complexity, 
cost,  etc.  This  oould  provide  up  to  10  watts  of  EHF  RF  CW  power,  and  this  estimate  is  used  lor  the 
tidseline  calculations.  Unless  same  breakthrough  is  accomplished  in  EHF'  solid-state  ampl  it  ic.it  ion 
techniques,  it  appears  that  power  shall  be  limited  to  this  approximate  level. 


Tlk'  Outlet  slutt  is  tlx'  difference  between  transmitted  and  received  signals,  where  +,  -,  denote 
approach  or  withdrawal  ,  respectively: 

tp  -  ±  fTX  (v/ c) 

For  rapid  calcul  at  ions ,  the  following  approximate  expression  can  be  used  to  estimate  Doppler  shift  fran 
the  transmitted  frequency. 

fp  -  +  1  Hz/Mach  number  relative  veloci  ty/Etfz  frequency 

For  relative  velocities  ot  Mach  2  or  greater,  which  can  occur  for  the  condition  of  two  aircraft,  each 
aiJprouomng  .  >:  withdrawing  at  Mach  1,  Doppler  shifts  at  EHF  may  be  more  than  100  KHz,  depending  on 
velocity- vector  ditterence  additions.  It  is  interesting  to  note  that,  because  of  the  velocities  between 
an  ar.it  ter  and  any  receivers,  received  signals  are  Doppler-displaced  by  sane  frequency  shift  fran  the 
transmitted  signal;  depending  on  tlx;  vector-differences  between  the  various  transmitter-receiver  links, 
a  given  traniimif  ted  signal  received  at  widely-separated  receivers  may  be  on  different  frequencies.  Tliese 
received  signals,  originated  by  a  single  transmission,  may  effectively  be  on  different  channels  with 
respect  to  each  other ,  depending  on  the  detection  bandwidth.  This  Doppler-shif t  characteristic  axes 
sane  interesting  features  with  regard  to  narrowband  transmission,  reception,  and  exploitation. 

Do; pier  Slew 

rile  Doppler  rat  e-of-ohange ,  or  slew,  impacts  tracking  circuit  rei]ui  ranents,  and  is  obtained  by  taking 
the  differential  ot  the  Doppler-shif t  equation,  considering  vector-difference  conditions.  Maximum  slew 
can  :*.•  calculated  by  evaluating  trie  differential  at  passage.  Assuming  larallel  motion  for  sinfalici  ty, 

f ; )  -  <•  ( V/C)  ffX  CX>St)  V 

=  a  (v/C)  f<rx  (x/  (X2  t  d2)S)  * 

dfp/'cit  -  ♦  (v/cl  f 'i'x  ( (x2  +  d2)  **ix/dt  -  x  d/ut  (x2  +  d2)^)  •  (x2  Hi2)  d 

-  *  iv2/al)  frpx  at  x  =  0 

-  *  I v/d) fp  u  x 

agru'  id*-  ot  [imvt  slew  at  EHK  can  ue  estimated  by  the  following  example:  assuming  Mach  2  relative 
r  ,xr:«it  ^  i  t:rv  sec)  a;  i  sepurat  ion  of  1  km,  t.ne  slew  is  approximately  SO  KHz,' sec. 


;•  i  ,  i  .  it  -iiorai  nioex  diagram  ot  the  baseline  system.  Tne  EHF  capability  can  be  considered  an 
-I'  ib  .'U.ii  "X’ension  to  otfier  cuim  unication  systems,  or  it  can  be  considered  in  a  stand-alone 
apiity.  1  n  an  intcgr  atm  vna1,  data  amnunicat  ion  system,  the  interface  point  between  the  '  iF  HI' 
..,:*.ysttT  >s  i  mo  *  m-  /stem  mouur,  would  lx;  most  appropriate  after  the  voice/data  encoding  point.  For  the 

;  r>;,.-r;(  t  w.  i  .’t  i  x-r  a  .* a:> (-.alone  KHK  system. 
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A  baseline  ccmnunications  system  is  discussed  that  can  tie  implemented  within  the  technological  state-of- 
art,  ottering  communications  protection  against  stand-off  signal  exploitation  systems.  This  is 
accomplished  by  choosing  frequencies  which  provide  both  cannunication-link  capability  at  short  ranges, 
and,  beyond  these  projected  communication  ranges,  experience  high  absorption.  Effective  cuununication 
range  at  any  given  frequency  is  determined  by  atmospheric  absorption  being  less  than  maxiinim  allowable 
attenuation  as  estimated  by  link-budget  calculations.  To  a  large  extent,  the  effective  communication 
range  for  any  frequency  is  determined  by  the  straight-line  portion  of  the  attenuation  curve,  close  to 
the  tree-space  value,  where  oxygen  absorption  is  not  of  major  significance.  Stand-off  range  capability, 
or  the  range  beyond  which  a  system  is  effectively  protected,  is  determined  by  the  region  of  high 
cumulative  oxygen  absorption;  this  region  is  above  the  point  wliere  the  attenuation  curve  sharply  departs 
frem  the  froe-space  value.  Beyond  this  point,  any  nominal  range  increase  requires  enormous  increase  in 
system  cajxibility,  and  may  not  be  considered  to  be  productive  use  of  available  resources. 


UfHEK  PROPAGATION  EFFECTS 


Rain  and  Fog 

Rain  and  tog  are  considered  as  they  present  an  additional  absorption  mechanism  for  EHF.  Rain  attenuation 
increases  with  frequency,  and  with  rate  of  precipitation;  fog  attenuation  increases  with  frequency,  and 
with  vapor  density.  Allowance  for  rairi/fog  attenuation  is  made  in  the  link  margin;  values  given  are 
derived  frem  empirical  data.  Other  effects  which  may  be  significant,  such  as  depolarization,  are  not 
explicitly  considered;  since  the  data  is  empirical,  depolarization  effects  should  be  implicitly 
included.  In  the  50-60  GHz  band,  EHF  rain/fog  attenuation  rates  are,  roughly!2: 


Condition 


Moisture  Attenuation  in  dB/kro 


Light  fog  0.25  g/m3  0.5 

Light  rain  1.25  mm/hr  1 

Medium  rain  2.5  mrVhr  2 

Heavy  fog  1  g/m3  2 

Heavy  rain  5  mn\/hr  3 


A  simple  exponential  model  for  rain  attenuation  is  used  in  the  link  margin  calculations,  using  the  above 
coefficients  to  estimate  power  loss.  Due  to  the  relatively  short  ranges  involved,  a  uniform  rain 
distribution  with  distance  is  assumed.  For  the  link  power  budget  calculations,  rairv/fog  margin  is 
estimated  at  5  dB  to  allow  for  short-range  ccmnunications  through  light  fog  or  rain. 


Fading  and  Fluctuations 

Tlie  type  of  fading  experienced  over  the  propagation  channel  significantly  affects  the  link  calculations, 
with  regard  to  the  error  probabilities.  Due  to  the  time-varying  nature  of  the  channel,  amplitude  and 
phase  fluctuations  may  be  experienced.  The  air-to-air  situations  involve  high  dynamic  situations  and  a 
turbulent  propagation  channel.  Amplitude  fluctuations  may  be  caused  by  specular  signal  multipath 
interference  conditions;  phase  fluctuations  may  be  caused  by  signal  transmission  through  the  turbulent 
atmosphere  surrounding  the  aircraft.  (Fading/interference  due  to  ambient-atmospheric  multipath  is 
neglected  here.)  Tlx;  platforms  are  moving  many  wavelengths  per  detection  frame,  and  it  remains  to  be 
determined  whether  the  fading  is  fast  or  slow  with  regard  to  signal  bandwidth,  which  would  affect  the 
signal  statistics.  We  have  not  yet  estimated  the  magnitude  of  these  effects,  but  we  expect  this  issue  to 
impact  significantly  on  type  of  modulation,  signal  statistics,  link  margins,  etc. 


THE  BASELINE  SYSUIM 
General  Considerations 

In  order  to  make  the  link  power-budget  calculations,  a  baseline  system  is  proposed,  representative  of 
the  current  technological  state-of-art.  The  configuration  of  this  baseline  system  is  discussed,  system 
operational  parameters  are  determined,  link  power-budget  calculations  are  performed,  the  baseline  system 
performance  is  assessed  for  a  variety  of  situations,  and  reccmmendations  are  made  with  regard  to  system 
configuration.  Our  baseline  system  philosophy  has  been  to  utilize  the  simplest  of  choices  with  regard  to 
characterizatior\/specif ication,  and  to  test  these  choices  against  suggested  operational  conditions.  If 
it  is  evident  that  the  choices  initially  selected  on  the  basis  of  simplicity  are  not  appropriate,  other 
owe  conplex  choices  can  then  be  considered. 

Doppler  Shift 

At  EHF,  aircraft  velocities  arc  sufficient  to  produce  significant  Doppler  shifts.  Tlx?  formula  for 
Doppler-shif ted  received  frequency^  is: 

fRX  =  tTX<U  -  v/c)/(l+  v/cll's 

Kx:»mding  the  denominator  and  cancelling,  the  received  frequency  can  lx  approximated  by: 


fHX  =  EtX*1  '  v/c> 


t 


EHF  PROPAGATION  MODEL 

The  electramagnetic^wave  attenuation  in  the  EHF  frequency  region  is  due  to  the  ateorption 
characteristics  of  the  oxygen  and  water  vapor  molecules  in  air.  The  emphasis  here  is  on  oxygen 
absorption  in  the  50-70  CUz  frequency  band;  the  oxygen  molecules  absorb  energy  in  this  band  at  discrete 
frequencies  as  a  consequence  of  their  magnetic  dipole  resonant  structure.  At  low  altitudes,  the 
absorption  1 ine-spectrun  of  molecular  oxygen  is  broadened,  due  to  minute  energy  transfers  as  a 
consequence  of  collisions,  resulting  in  a  continuous  attenuation  band.  As  altitude  increases  the 
molecular  collisions  decrease  due  to  atmospheric  rarefaction,  resulting  at  very  high  altitudes  in 
discrete  absorption  lines  at  the  resonance  frequencies. 

The  initial  work  in  the  definition  of  EHF  propagation  in  the  atmospheric  oxygen  absorption  band  was  done 
oy  Van  Vleckl>2  during  World  War  II.  The  Van  Vleck  absorption  model  has  since  been  updated  by  Meeks  and 
Lilleyl,  Carter,  Mitchell,  and  Reber4,5(  and  Rosenkranzh,  among  others.  More  recently,  the  propagation 
model  has  been  investigated  by  Liebe7,8,9(  resulting  in  a  more  accurate  model,  and  a  computer  program 
for  that  model.  That  work  was  reported  at  the  1982  AGARD/EPP  Propagation  SymposiunlO. 

The  work  reported  here  is  based  on  tabular  data  tram  the  Reber ,  Mitchell,  Carter  model  developed  in  the 
1968-69  periodic.  This  propagation  model  is  achuttedly  simplified,  but  sufficient  for  our  present 
purpose.  The  model  does  have  limitations,  however,  that  must  be  considered:  water  vapor  absorption  due 

to  the  electric  dipole  structure  of  the  water  molecule,  " _ is  generally  negligible  compared  to  oxygen 

absorption  in  the  50-to-70  (Hz  region".  This  is  acceptable  for  the  present,  but  it  is  preferable  that 
water  vapor  absorption  be  included,  as  Liebe  has  done. 

The  computations  used  in  this  paper  are  to  be  considered  as  approximate.  Because  of  the  tabular  nature 
of  our  data,  interpolations  are  used  for  attenuation  rate  values  at  intermediate  frequencies  and 
altitudes,  and  numerical  results  presented  here  are  not  to  be  used  for  engineering  design.  Extreme 
precision  was  not  a  factor;  this  was  justified  on  the  basis  of  simplicity  and  computational  rapidity, 
and  was  considered  adequate  for  the  purposes  of  this  investigation.  Our  conclusions  will  be  largely 
valid,  although  we  would  not  utilize  our  calculations  for  communications  system  engineering  design. 

The  characteristic  EHF  attenuation  rate  vs.  frequency  is  seen  in  the  inset  to  Figure  1.  Tabular  EHF 
attenuation-rate  data  is  used  to  develop  a  set  of  curves  of  total  attenuation  vs.  range,  such  as  that 
given  in  Figure  2.  The  curves  can  be  parametric  with  respect  to  frequency,  as  here,  or  with  altitude.  It 
is  seen  that  cumulative  oxygen  absorption  eventually  becomes  important,  causing  significant  increase  in 
attenuation  over  that  of  free  space.  In  order  to  determine  communication  systsn  capability,  these  curves 
are  overlaid  by  the  maximum  allowable  system  attenuation  values  (see  sample  maximum  attenuation  at  150 
dB)  determined  by  the  power  budget  calculations  for  the  systems  under  consideration,  to  determine 
whether  the  attenuation  experienced  is  greater  or  less  than  the  ocmmunication  system  can  withstand, 
(liven  a  specific  frequency,  it  can  be  determined  by  the  intersection  of  the  link-budget  estimate  with 
the  atmospheric  attenuation  curve  what  range  a  system  can  operate  over,  or  alternatively,  what  frequency 
should  be  used  to  provide  operation  over  a  given  range. 
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SUMMARY 

The  use  of  the  EH F  oxygen-absorption  frequency  band  for  lcw-detectability  air-to-air  ccmnunicatioas  has 
been  proposed  at  various  times;  this  presentation  deals  with  considerations  in  the  development  of  such 
■in  EHF  short-range  air-to-air  carmunications  system.  The  protection  to  the  ccmmuni  cat  ions  system  is 
provided  by  the  cumulative  oxygen  absorption  characteristics  of  the  atmosphere.  System  considerations 
are  dealt  with  parametrically;  the  effects  of  aircraft  velocity,  altitude,  antenna  coverage,  transmitter 
power,  and  so  forth,  are  discussed  with  regard  to  impact  on  range,  frequency,  acquisition  time,  data 
rate,  etc.  A  baseline  system  is  submitted;  link  power  budget  calculations  are  made  for  the  baseline, 
resulting  in  estimates  for  maximum  allowable  attenuation;  system  performance  is  assessed  for  a  number  of 
situations.  Emphasis  is  on  communications  and  the  problems  involved  in  the  design  and  implementation  of 
an  EHF  air-to-air  digital  voice  system,  concentrating  on  the  propagation  influences  and  constraints. 


INTRODUCTION 

This  paper  deals  with  a  digital  voice  communications  system  that  is  strongly  influenced  by  the 
propagation  channel  -  in  fact,  the  propagation  characteristics  of  the  channel  are  the  only  rationale  for 
its  consideration.  The  problems  in  the  design  and  implementation  of  the  system  are  discussed,  and 
approaches  to  their  solution  proposed. 

The  use  of  the  EHF  oxygen- absorption  frequency  band  for  low-detectability  air-to-air  oomnunications  has 
been  proposed  at  various  times;  this  presentation  deals  with  considerations  in  the  development  of  such 
an  EHF  short-range  air-to-air  oomnunications  system,  protected  against  detection  and  jamming.  The 
emphasis  in  this  presentation  is  on  carmunications,  and  the  problems  involved  in  the  design  and 

implementation  of  an  EHF  air-to-air  digital  voice  system,  concentrating  on  the  propagation  influences 
and  constraints.  Prohlen  areas  are  discussed,  including  estimates  as  to  the  effect  of  these  problems  on 
system  performance,  and  the  factors  that  must  be  considered  in  system  development .  A  number  of  problems 
are  unique  to  airborne  applications,  as  a  consequence,  for  example,  of  aircraft  velocities  and 

orientations,  antenna  siting,  transmission-line  attenuation,  etc. 

Air-to-air  communications  systems  presently  operate  in  the  UHF/VHF/HF  frequency  bands  of  the 

electromagnetic  spectrum,  which,  because  of  lew-loss  RF  propagation  at  these  frequencies,  makes  it 
simple  for  relatively  distant  stand-off  electronic  systems  to  detect,  jam  or  otherwise  exploit  these 
transmissions.  In  the  EHF  band,  electromagnetic  absorption  is  comparatively  high  and  varies  with 
frequency,  and  this  is  capitalized  upon  to  limit  the  effectiveness  of  stand-off  exploitation  equipment. 
With  reference  to  Figure  1,  EHF  frequency  assignments  would  be  set  such  that  detectioiVjanming  equipment 
operating  at  ranges  longer  than  the  carmunications  link  would  operate  under  high-attenuation  penalties; 
the  handicap  on  standoff  exploitation  equipments  due  to  atmospheric  attenuation  would  render  them 

largely  ineffective,  forcing  utilization  of  more  critical  resources,  or  increased  risk  at  more  exposed 
positions. 


FIGURE  1.  CONCEPT:  EHF  AIR-TO-AIR  0>MUNICATICNS 
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...  i:;od  *  he  sensitivity  of  i’  (  I  ,  Pu ,  •  )  to  l*e.  The  sensitivity  is  especially 

;  ;  ,;t  . ] .  ,w  ,.rnu  rates  needed  for  data  (as  opposed  to  voice)  transmission. 

>.••••:•  analvsis  shown  that,  for  la  rye  .  ,  the  curves  translate  to  the  left  in 

,  -  .  d  mce  with  .i  I0.12N  shift,  where  10~N  is  the  l’e  objective.  This  insensitivity  is 
a.  ill  .st  1  it.  ion  o;  the  well-known  result6  that  once  a  pulse  code  modulation  (PCM) 

,  .  ,t  1 nan  is  achieved  -it  takes  a  very  small  improvement  to  make  the  error  rate 

•  magnitude  smaller.  In  fact,  if  at  some  operatincj  data  rate  the  probability 
:  ,  tarns  out  to  be  10"5  -  10~6,  one  should  be  able  to  design  an  error-correct iny 

11  redundancy  and  moderate  complexity  that  could  improve  the  error  rate  by 
■  i)  niers  of  naan  )  t  ude . 

;  let  i>;d  examination  of  the  sensitivity  to  siynal-to-noise  ratio  reveals  that  the 
t  :  tin. n  in  all  cases  is  roughly  1/3  bi t/'eye le/dB. 
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i  i  ,i;;  ^ w  wit.ii  h  -in  i!:<iM.)iu-Titial  r-mdojn  variable  with  mean  3.8. 

:.ir  ir.oS.'i',  is  a  loa  normal  random  variable  with  dependence  on  the 
i'.ii.ii’-t'tor,  b.  ■•:>eei  f  i  cal  ly ,  i  =■  l/lO^/^O,  where  A  is  normal  with  a  mean 
:  —  -I .  t  j  i.  ■  <  -!  >  '  j  00  )  ,  (!(■!  +  800 )dB  and  a  standard  deviation  of  5  dB. 

i'he  oh. ise,  ,  is  independent  of  a  and  b  and  has  a  constant  density  on  each 

section  .  2  and  /2  with  !>•  '  ■■  •  :/2-  =  0x1’  •  ,  ••  •  ~/2  :  . 

i'ne  sc  ile  f  i.'inr  is  a  constant  6 .  11  nanoseconds. 

j'.cl,  the  channel  is  in  the  faded  state  for  8060  seconds  in  a  normal  heavy 
int.ii.  Then  the  channel  can  be  viewed  as  being  in  one  of  the  two  states  where: 

1  nn:  lied  state  -  0.99689 

•  ?  . i  led  st  ate  (Rummler  model  operative)  !  =  0.00311  . 

■cue!  we  employ  this  model  to  estimate  the  outage  distributions  for  various 

hji  no-;  'll'  Tin:  transmitter  linearizer 

ii  lira;  of  a  yAM  transmitter  with  the  proposed  predistortion  linearizer  is 
hi  , re  1.  A  random-access  memory  (RAM)  contains  the  predistorted  value  of 
;  iso  and  ruadrature  voltages  of  each  point  on  the  QAM  constellation.  A 
.-.  s  encode t  obtains  each  input  data  symbol  and  generates  the  RAM  addresses 
■c  !■■■!  si  in.il  point..  The  corresponding  stored  predistorted  voltage  values 
■r’o  :  to  analog  voltages  using  a  pair  of  digital-to-analog  (D/A)  converters. 

•  a  It  ivo  i  quadrature  modulator,  which  generates  the  desired  predistorted 

i ;  tor  tiie  duration  of  the  input  symbol.  That  signal  is  then  amplified, 
and  1 1  ansmi t  t  ed . 

t ho  RAM  information,  the  amplifier  output  is  sampled  by  a  directional 
demodulated  using  the  same  local  oscillator  used  for  the  modulator, 

:  unties  the  need  for  carrier  recovery.  The  output  in-phase  and  quadrature 
:  t. he  !e:e >dn  1  ator  are  converted  to  digital  form  using  a  pair  of  analog-to- 
A  -nverters.  A  linearizing  processor,  which  is  the  heart  of  the 

r tins  information,  compares  it  with  the  input  data,  and  computes 
■  :  on  r.  A  recursive  algorithm,  which  is  discussed  in  Reference  5  uses 

date  the  voltage  values  in  the  RAM  corresponding  to  the  particular 
■  t  >.'<  ns  i derut  Lon .  Note  that  each  point  on  the  signal  constellation  is 

t:  i ’  •  i  y .  Thus,  the  linearizer  can  support  any’  desired  constellation. 


-  perut ton  of  the  linearizer  as  described  above  assumes  that  the  amplifier  is 
ii. d  re  jui res  that  the  signal  not  be  filtered  before  the  power  amplifier, 
cilsv  shaping  and  filtering  must  be  performed  by  the  combination  of  the  post- 
i  - :  b  mdp.iss  filter  and  the  receiver  filters.  The  former  filter  should  be 
ist  to  meet  ICC  (or  other)  emission  rules  for  square  input  pulses. 


in  ;  our  results  we  need  the  following  notation  for  the 


!.,•  I  is'  rt  ion  removed 
'me  1  i  ■  :•  ■  a  r  •  ■  qua  i  i  za  t  i  on 

c  i  nt  •■  r  symbol  interference  ( IS1 )  removed 

I  1  'matched  filter  bound) 

‘  a  *  :  :  ■  i ;  •  in  >  r.y  limit  (Shannon  )  . 

y.  iis*  r  ilait  ions  were  computed  for  30-MHz  channels  assuming  an  ideal 
/'■i  .  st  i  mi  ly  spe  iking,  the  notion  of  an  index  in  bits  per  cycle  is 
•mi  it  Ii'  •  probability  distribution  of  bits  per  cycle)  would  change 
Mil/  a  at.  40  Mil/.  However,  by  calculation  we  established  that,  for 
1 1  :.i  •|i:a:  i  on  that:  follows,  treat  i  ng  F(t)  as  invariant  over  the  20-  to 
!wi  1th:;  is  in  adequate  approximation. 

■  itai’S  of  the  out  agio  distribution  functions  F(l;  l’0 ,  .  )  are 

t.  The  beneficial  effects  of  .Adaptive  equalization  an'  apparent, 
mai  ncliomos  yield  roughly  similar  results;  however,  as  one  looks 

■  extreme  outage  tail,  F,  rv,  Fee,  and  FMe  begin  to  depart  from  each 


:  it  >  :  o  nt. -on.i  1  i  It.  or,  Wit  5  ,  is  ur.uj  1  lv  Met  o mil  no»l  uM.ipt  i 

:  i  •.  ■  t  t  s  iV::K)  between  t.ho  sample,  >:n  -  yn  ,  er-M  Lilt. 

Mbi:lN.  ,  n  , ,  Wit)  )  i:  x  -  y  - 

si  •;  *  :  i  1  to  r ,  W(t)  ,  is  then  ehasen  t  o  arhiiiVO 

mm  MSKlNj  ,  Nj,  Wit)  ]  V.:-.i:[N]  ,  N  ,  ,  WQ  ( t  )  ]  . 

■  ",  :  ■■  .1  ;iM>lr.it  i  fvinctmn.il  of  W(t),  ,1  uni  :ue  minimum  can  always  he  found.  I 

■  ■  *  m  iar.i  f  ■  i  represent  tile  linear  filter  Kit)  by  a  transversal  structure  aiul  in 

ti"  :  t  he  st'Mivh  tel'  tile  minimum  is  accoivip  1  ishod  by  varytnq  the  taps  of  this  filte 

:  -  *  I  1  a  ::  I  m  tile  time  averuqo  of  the  squared  error  is  i  ouiul .  To  realize  such  a 

i i  mil  i  mates  oi  the  transmitted  viata  symbols  must  bo  used. 
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te*  at.  t  hr  el  !  lei  eney  index  ot  a  system,  the  error  rate  as  a  function  of  viata  rate 
>t  any  choice  of  the  cancelor  set  ,  '  S  :  ,  and  front-end  filter  Wit),  must  be  explicit! 

x:  tensed.  Fxavt  rel.it ionships  are  not  tractable  lor  the  simplest  of  systems  and  so 
!”•: 1 1  •  >y  up:  >e  rbc  uinvis  .  For  the  systems  under  cons  i  tie  rat  ion  ,  we  obtain  exponentially 
i  fhf  i  no  pi. 1 1  i  t  i  e.s .  We  adopt  a  bounding  procedure  introduced  by  I!.  Salt/.ber<|4  to 
naly/.e  i  ho  erfir  rate  in  an  unequa  1  i  zed  baseband  system.  We  extended  Pal  tzbcni  ’  s 
:  v  !’•  ’  ieii  to  .  i  u  t  ays  terns  . 

.'eel  ion  II  we  have  I  .1  lirjil,  and  '^(b)  [(I,-  -  1)  11.  These  two  oquat  tons 

:l  c  a  ;:.'K't  ion  wit.it  tile  l'(,  formulas  (see  Reference  ()))  enable  us  to  determine  I  is  a 
unci  i  >n  ot  the  objective,  .  ,  tile  elianne  1  ,  ind  the  equal  iy.  at  i  o:i  selieme.  Fpeei! tea 
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Figure  r>  is  the  a:*;orpt ion-curve  chart  ot  Figure  l,  with  the  superposition  of  tlie  utseline  attenuation 
allowunce:;.  Considering)  detection  bandwidth  based  on  utilization  of  a  16  Kbps  digital  voice  modem, 
operation  is  tel  at  ively  inettective,  either  oecause  of  lack  of  capability  to  propagate  over  any 
significant  range,  or  because  of  lack  of  protection,  as  determiner!  by  stand-off  range  estimation.  That 
is,  there  is  little  extra  attenuation  due  to  oxygen  absorption,  and  thus  little  protection  against 
exploitation  systems.  Considering  detection  bandwidths  based  on  utilization  of  a  2.4  Kbps  digital  voice 
modem,  lift'  cenmuni  cat  ions  can  be  accomplished  at  reasonably  practical  ranges,  and  yet  the  absorption 
properties  ot  atmospheric  attenuation  can  be  utilized  to  limit  stand-off  signal  exploitation  capability. 
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FIGURE  1.  BASELINE  SYSTEM  LINK  BUDGET  OVERLAY  ON  TOTAL  ATTENUATION  (ALTITUDE:  SEA  LEVEL) 

CriTTnunicatLon  performance  can  be  further  improved  by  decreasing  detection  bandwidth;  800  bps  and  400  bps 
vocoders  are  at  present  being  investigated  for  application  to  digitized  voice  communications.  Results  to 
date  are  promising,  but  for  the  applications  here,  there  is  an  impact  on  acquisition  time  requirements , 
in  that  tlx:  time  required  to  acquire  may  be  too  long  for  mission  requirements.  In  any  case,  although 
inder  investigation,  waxier s  in  the  400-300  bps  range  are  not  presently  available.  Therefore,  a  2.4 
Knps  vtxixier  is  subsequently  considered  for  the  baseline  system. 

i:  we  consider  utilizing  detection  bandwidths  on  the  order  ot  the  IF  bandwidth,  as  presently  used  lor 
:»»'  systems,  we  see  that  this  is  not  effective;  attenuation  prevents  oomnuni cat ions  at  essentially  all 
practical  ranges.  The  systems  referred  to  satisfy  link-budget  requirements  by  use  of  high-gain  antennas; 
o.ir  at-ol  icut  ion  does  not  allow  this.  Here,  the  baseline  oonrnuhicat ion- system  operation  must  of  necessity 
narrowband-detection  in  a  wideband  environment  determined  by  the  frequency  uncertainties.  A  scanning 
M  of  iv<  r  is  therefore  required,  utilizing  a  detection  landwidth  much  less  than  the  total  bandwidth 
;cjnned,  corresponding  to  frequency  uncertainty. 


MUWUfi  RHAerj; 

Cumiunica*  ion  Area.: 

A  easel  ini  ■  i;hk  tactical  ,nr-t(r  nr  ojrmuni  cat  ions  system  lias  been  defined,  and  Lite  link  power  budget 
calculation::  per  I  ormed  to  dot  ermine  maximum  allowable  attenuation.  The  system  is  new  assessed  in  a 
earner  ot  ditlerent  mission  situations,  to  qualitatively  evaluate  its  performance.  Ccmmunicat  ion 
rrqui rrment r;  may  differ  during  various  portions  of  a  mission.  Those  portions  nuy  be: 


Atiprouch  phase 

Entry  into  Engagement  Area 

Mutual  Aircraft  Support  during  Engagement 

Withdrawal  Phase 

Protection  may  no  needed  at  sure  point  in  the  overall  mission  for  other  typos  ot  exploit  at  ion-resistant 
cxirmunicat  ions:  tor  instance,  during  refuel  ing,  tor  IFF,  etc. 


Approach 


II  I 


Figure  6  is  the  superposition  of  the  maximun  allowable  attenuation  for  the  2.4  Kbps  baseline  system  on 
the  total-attenuation  curves  for  horizontal  communications  at  an  altitude  of  2  km*. 

For  lew- detectability  approach  through  the  rear  area,  it  can  be  assuned  that  the  aircraft  are  flying  at 
lew  altitudes  to  prevent  radar  detection,  that  ccwnunication  ranges  between  the  aircraft  in  formation 
are  relatively  short,  that  aircraft  velocities  are  approximately  the  same,  and  that  the  flight  is  fairly 
well-ordered  with  regard  to  aircraft  alignment.  Due  to  this  relatively  well-ordered,  uniform  and  stable 
geometry,  this  is  probably  the  easiest  situation  to  analyze.  The  primary  communication-protection 
consideration  during  this  part  of  the  mission  is  to  prevent  detection  during  approach,  and  can  be 
considered  as  concluded  when  the  aircraft  are  within  visual  sighting  capability.  Considering  aircraft 
ground  clearance  requirements,  a  representative  value  for  penetration  altitude  is  estimated  here  at  2 
km,  as  input  to  the  performance  evaluation. 

*  All  altitudes  are  referenced  to  mean  sea  level. 

Entry 

Figure  7  is  the  superposition  of  the  maximLin  allowable  attenuation  for  the  2.4  Kbps  baseline  system  on 
the  total-attenuation  curves  for  slant-range  caimunicatio.ns  between  altitudes  of  2  km  and  0  km  (sea 
level) . 

As  the  aircraft  enter  into  the  forward  area,  ccnnunicat ion- protect ion  consideration  changes;  lcw- 
detectability  in  this  area  is  irrelevant,  the  aircraft  are  within  visual  sighting  capability.  Jam- 
resistant  communications  are  required  in  this  phase  between  aircraft  for  coordination,  and  for 
instructions  from  forward  air  control  units.  During  this  phase,  the  aircraft  may  still  be  in  fairly 
well-ordered  conditions,  although  more  maneuvering  may  be  expected.  A  factor  here  is  the  time  needed  to 
transfer  message  content,  which  depends  on  the  effective  caimunication  range,  relative  velocity  between 
aircraft,  or  between  aircraft  and  stationary  forward  air-oontrol  ground  units,  transmitter  power,  any 
available  antenna  gain,  etc.  Available  message  time  may  easily  be  calculated  by  determining  the 
effective  ocmunication  range,  and  dividing  by  the  aircraft  velocity.  Another  factor  in  these 
ccnmunications  is  the  Doppler  shift  between  aircraft  and  forward  air  control.  In  close-passage 
situations,  Doppler  slew  may  be  at  rates  sufficient  to  cause  unlocking  of  tracking  circuits. 

Engagement 

Figure  8  is  the  superposition  of  the  maximum  allowable  attenuation  for  the  2.4  Kbps  baseline  system  on 
the  total-attenuation  curves  for  horizontal  communications  at  an  altitude  of  8  km. 

As  the  aircraft  progress  into  the  area  of  conflict,  the  ccmmuni  cat  ions  protection  requirement  is  still 
jam-resistance,  but  the  geometrical  situation  is  altered;  this  situation  is  the  most  difficult  to 
analyze:  aircraft  velocities  are  high;  aircraft  orientation  is  random;  altitudes,  and  altitude 
differences  are  widely  varying,  etc.  This  is  the  most  vulnerable  portion  of  the  mission,  and  thus  the 
most  oarmunications-critical;  maxirntm  communication  range  is  required  for  effective  mutual  support.  It 
is  also  during  this  phase  that  Doppler-of fsets  may  considerably  affect  the  ccmmunications/exploitation 
situation. 

Withdrawal 


Figure  9  is  the  superposition  of  the  maximun  allowable  attenuation  for  the  2.4  Kbps  baseline  system  on 
the  total-attenuation  curves  for  slant-range  communications  between  altitudes  of  8  km  and  0  km  (sea 
level ) . 

As  the  aircraft  exit  from  the  forward  area,  communications  may  be  required  for  mission  and  status 
reporting,  either  to  forward  air  control  units,  or  to  more  rearward  echelons.  A  long-range  rearward  link 
might  utilize  lew-data-rate  digital  information  to  report  status,  as  indicated  here,  instead  of 
digitized  voice.  Because  of  the  length  of  this  link  to  the  rear,  ccnmunication-protection  capability 
based  on  any  range  discriminant,  such  as  the  oxygen- absorption  mechanise  used  here,  is  invalid;  for  this 
case,  the  link  cannot  be  protected  by  means  of  EHF,  and  transmissions  must  of  necessity  be  outside  the 
oxygen-absorption  band.  Any  cormunication  protection  to  this  link  must  be  supplied  by  other  means  such 
as  frequency-hopping,  direct-modulation  pseudonoise  spread-spectrum,directional  antennas,  pewer  control, 
etc. 

Also,  in  this  case,  and  although  we  have  not  indicated  it  in  the  figures  or  the  baseline  calculations, 
it  is  reasonable  to  expect  that  sane  amount  of  antenna  gain  would  be  available  for  this  particular  link. 
This  can  easily  be  factored  into  the  figure  as  it  stands. 

Ccnmunications  Assessment 

Any  detailed  ooTmuni  cat  ions  assessment  must  of  course  rest  on  actual  oommuni cat  ions  mission 
requirenents;  any  oanments  we  have  at  this  point  are  qualitative  and  highly  subjective.  First,  the  low- 
detectable  approach  mode,  proposed  heretofore,  seems  feasible  within  the  present  state-of-art .  This 
feasibility  is  based  on  the  well-ordered  flight  conditions  during  the  approach  phase;  thus  any  available 
antenna  gains  (generally,  nominally  3  dB)  could  be  utilized;  Doppler  shifts  arc  relatively  low,  etc. 
Conditions  becane  slightly  mor-  difficult  during  the  entry  phase:  Doppler  may  be  fairly  high  due  to 
relative  motion  between  incoming  aircraft  and  forward  air  control  elements,  but  aircraft  attitude  may 
still  be  fairly  stable.  Maximun  cormunications  difficulty  occurs  during  the  engagement  phase:  aircraft 
geometries  may  be  completely  disordered;  we  have  assuned  0  dB  antenna  gain  during  this  phase;  certainly 
nothing  precludes  antenna  gains  of  less  than  this.  During  the  withdrawal  phase,  conditions  again  becane 
more  stable. 
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FIGURE  6.  APPROACH :  HORIZCKTAL  OOfWNICATICNS  (ALTITUDE:  2  KM) 
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FIGURE  7.  ENTRY :  SIANT-RANCX  Q>MJNIGATICNS  (ALTITUDES :  2  KM/O  KM) 
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FIGURE  8.  ENGAOJMEOT:  HORIZONTAL  COMMUNICATIONS  (ALTITUDE:  8  KM) 
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FIGURE  9.  WITHDRAWAL:  SLANT-RANGE  CO-MIN ICATIONS  (ALTITUDES:  8  KM/0  KM) 
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Problem  Areas 

Major  areas  of  cxancern  with  the  present  technological  state-of-art,  as  it  pertains  to  this  area  are: 


Component  reproducibility 
Frequency  stability 
Solid  state  power  amplification 
Power  combining 

Oscillator/amplifier  roise  figures 
Voltage  stability 

Acqu i si t ion/ tracking  circuit  oontrol/linearity/resolution 
Transmission  line  losses 
Transmitter/receiver  filters 
Fading 

Phase  coherence  through  turbulent  atmosphere 
harrow-band  voice  encoding/decoding 
Airborne  antenna  coverage 
Frequency  accuracy 
Frequency  allocations 


Frequency  Allocations 

Present  frequency  allocations  are  as  follows24; 


FREQ  BAND 

42.5  -  41.5 

43.5  -  47 

47  -  47.2 

47.2  -  50.2 

50.2  -  50.4 

50.4  -  51.4 

51.4  -  54.25 
54.25-  58.2 

58.2  -  59 

59  -  64 

64  -  65 

65  -  66 

66  -  71 


INIERNATIONAL 

FIXED  -  SATELLITE  -  ASTRONOMY 
MOBILE  -  SATELLITE  -  NAVIGATION 
AMATEUR 

FIXED  -  SATELLITE  -  MOBILE 
FIXED  -  SATELLITE  -  MOBILE  -  SPACE 
FIXED  -  SATELLITE  -  MOBILE 
SATELLITE  -  SPACE  RESEARCH 
FIXED  -  MOBILE  -  SATELLITE  -  SPACE 
SATELLITE  -  SPACE  RESEARCH 
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Cannunicatioas  above  60  (Hz. 

It  transmission  in  the  50-60  GHz  frequency  band  is  precluded  by  frequency  management,  operation  in  the 
frequencies  between  60-70  GHz  can  be  considered.  Referring  back  to  Figure  1,  the  attenuation  rate  is 
roughly  symmetric  about  the  main  oxygen  absorption  peak  at  60  GHz.  Effectively,  operation  would  be 
similar  as  operation  in  the  50-60  (Hz  band,  with  seme  important  differences.  First,  the  magnitude  of 
tlie  Doppler  shifts  and  the  Doppler  rates  of  change  would  be  increased  proportional  to  frequency 
increase;  this  would  necessitate  reconsideration  of  the  system  bandwi dth/ acquisition  parameters.  Second, 
system  implementation  would  be  more  difficult,  due  to  the  increase  in  mechanical-design  tolerance 
requirements.  Third,  solid  state  CW  power  capability  decreases  rapidly  as  one  exceeds  50  GHz;  it  would 
be  uitficult  to  achieve  the  necessary  solid-state  power  levels. 


Conf  erencinq 

The  issue  of  conferencing,  allowing  reception  of  multiple  simultaneous  transmissions,  presents  a 
problem.  Present  airborne  communications  utilizing  amplitude  modulation  automatically  offer  this 
capability,  in  that  out  of  a  number  of  signals  that  are  received,  all  are  processed  and  presented  to  the 
listener,  and  a  desired  signal  is  then  mentally  selected  out  of  this  complex  of  signals.  With  digital 
systems,  however,  this  capability  is  more  difficult  to  achieve.  Digital  modem  aquisition  of  multiple 
simulataneous  signals  is  not  a  trivial  problem;  although  it  can  fce  accomplished,  it  essentially  requires 
parallel  operation  of  multiple  loops,  thus  considerably  increasing  ccmpexity  and  cost. 


CONCLUSION 

We  liave  attempted  to  present  a  balanced  estimate  of  the  feasibility  of  applying  EHF  frequencies  for 
protection  of  air-to-air  ccmnunications  from  signal  exploitation,  and  to  determine  the  practicality  of 
this  approach  with  regard  to  the  technological  state-of-art,  with  regard  to  impact  on  installation, 
operations,  cost,  and  so  forth.  With  regard  to  the  low-detectability  approach  phase,  the  technology  for 
this  capability  may  be  within  the  present  state-of-art;  although  seme  special  design  must  be  performed, 
implementation  of  this  mode  should  be  straightforward.  With  regard  to  the  mutual  support  node,  and  the 
other  modes  discussed,  the  capability  is  more  difficult  to  achieve;  this  is  based  on  estimations  of 
system  retirements  for  communication  range,  antenna  coverage,  and  acquisition  time,  and  considering 
present  limitations  in  state-of-art  with  regard  to  amplifiers,  transmission  lines,  frequency  tracking 
circuitry,  oscillator  stabil i ties/of f sets/control ,  etc.  Any  development  program  must  consider  penalties 
involved  in  achieving  system  requirements,  with  regard  to  trade-off  of  EHF  system  capability  vs  cost. 
Considering  the  problems,  the  question  as  to  whether  the  development  of  EHF  technology  for  protected 
air-to-air  com  uni  cat  ions  is  a  viable  proposition  will  depend  on  the  capability  of  EHF  as  compared  to 
alternative  technology  that  can  offer  effective  canmunications-protection  capability. 
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DISCISSION 


K.VS. Lamport,  ( ic 

In  vout  link  budget  >  hi  slu  moil  antenna  pain  values  <>l  0  dB;  do  vuu  I  cel  lluil  this  is  realistic  or  should  one  not  have  an 
evil. i  link  niaigin  because  ol  antenna  lobing.’ 

Author's  Reply 

Antenna  pain  \  allies  ol  0  dB  were  used  as  a  compromise  estimate  for  the  levs  examples  shown.  The  actual  airborne 
antenna  structure  would  probably  be  a  discone  type  with  circular  polarization,  as  we  have  indicated  in  the  preprint. 

I  hese  antennas  would  have  the  familiar  toroid  pattern,  with  an  uniform  pattern  in  the  azimuthal  plane.  Nominally,  such 
antenna  would  have  a  3  dB  polarization  pain  azimuthally.  but  since  the  aircraft  would  experience  variations  in 
orientation,  this  optimistic  figure  cannot  he  used.  We  used  0  dB  as  an  estimate,  hopefully  it  is  not  too  optimistic.  During 
the  approach  phase,  when  aircraft  are  in  well-ordered  formation,  antenna  gain  may  in  fact  be  positive.  If  one  is  more 
pessimistic,  one  can  easily  adjust  the  attenuation  value  found  by  the  link-budget  calculation,  and  determine  a  new  set  of 
intersections  with  the  altcnuation-vcrsus-range  curves  to  a  rive  at  a  shorter  value  for  communication  range. 


LAV. Lamport,  C  >e 

l  lte  problem  you  attacked  in  the  beginning  was  that  in  the  60  Cil  Iz  legion  you  are  much  better  off  concerning  enemy 
jamming  and  detection.  ( )n  the  other  hand,  when  you  have  to  put  in  a  big  link  margin  because  of  antenna  lobing.  you 
lose  that  advantage  because  the  jammer  does  not  have  to  have  such  a  high  link  availability. 

Author's  Keplv 

If  we  operate  in  the  54—57  Clllz  region,  there  is  a  high  oxygen  absorption  beyond  20  km  range.  If  we  assume  that  we 
are  entering  a  combat  area,  we  will  be  detected  at  a  range  of  10—20  km.  by  optical  means.  We  think  that  the  high  range 
of  oxygen  prov  ides  a  sullicieiit  margin.  I  lie  assumed  antenna  gains  are  just  a  starting  point  for  the  calculation. 
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i .  h  Tc'it-..'!.:r.  aiv  runn  i  ng  a  field-trial  of  a  .sport  ral  ly 
:::  i  w  i  d  r  h  *}•  i.adra  'a  iro  Phase  Shift  Keyed  system  for  the 
of  *he  UK  that  is.  subject  to  above  avTiff'  mill  t.  ipa'b, 
running  1  r  around  -wo  yoart;  and  this  .  aper  describes 
r.r  -his  period,  the  improvements  made  to  the  antennas 
predi.  *  in,’  system  performance  in  other  loeat  ions. 
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and  the  me t t 
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!  4  Gils  bands 
’  I'xperi  men  t 
,se  rvat  i  r-r.s 
ids  likely  to 


metii,  d  f  predict  i  ng  multipath  f  a<i  i  ng  is  examined,  and  found  want  in1’,  ir, 

•  <1  i  g ;  t  a  I  system  planning,.  An  alternative  is  put  forward  and  an  example 


•i  •  1st.  ’’V  e  ( HT '  i’.ave  an  extensive  FPM-FM  microwave  runk  network  operating  in 

•  * ,  '  il  •-,!!;•  hands.  Much.  .  f  the  enuipment  in  the  lower  6  GHz  band  is  due  for 

•re:.-  ■  la*  nex*  few  years.,  atsi  since  BT  is  moving  towards  an  all  digital  network 

■■  s: :  |  ”  i”.-  ; installed  .  n  *  he  basis  of  a  10-?0  year  working  life,  it  would  not 

•  '  ins'ail  further  ana  1  ng.uo  equipment  . 

s  :  •  t.  -gut  r."ti-  nas  already  beer,  ins*  at  led  on  some  11  GHz  links,  using  a  four-level 

"  *  "i  w  :  •  n  •<!  in'erleaved  (  a  1  •  erna*  <•  po  1  ari  sat  ion)  frequency  plan.  Such  a 

i  ••  t  provide  the  same  traffic  capacity  as  would  the  analogue 
1  ,  w  rk  has  lieep.  e.  neetit  rated  t.  *  he  implementation  of  a  spectrally  efficient 

:  :  ...  is  'her  lands.  'art  in,’  wi't:  the  1  war  0  GHz  and  following  up  with  the 

•  <:.  i.  ’’  a  -  p.era' ion  w i  ' h  tpr  [  ,a  Reduced  Bandwidth  Quadrature  Phase  Shift 

"R.P.’K  sys-em  has  been  designed  arc)  is  currently  undergoing  field-trials  at  the  BT 
■  :  a:  !•:>•  ries  (BTRI.l  in  Fast  Ang  1  ia.  For  •  he  purpose  of  high  spectral  efficiency, 

■  i  •  !  '•or  designed  to  operate  jr,  'he  r.--f rcqueucy  cross-polar  frequency  re-use 


: :  a;. 


‘  i  -rial  is  being  carried  out  on  a  r  1  km.  path  in  the  worst  multipath 
■  •  v  :  ■  ■  .•  -he  UK.  u*ilising  towers  of  the  exist  ing  microwave  network,  although 

:  >•  .•  v •  r  a  pa*h  for  which  a  direct  link  did  not  previously  exist.  The  channels  are 

:  t  : .-  I  s  -h  that  one  operates  with  co-frequency  arid  adjacent  channel  interfere  rs , 

wt.  .  -  re-  iss  c  ;  -  (,,)  r  ross-pe  lari  sed  co-frequency  channel  has.  no  adjacent,  channels 

:  ’.  F'v  •  h  i  s  means  ‘he  effects  of  the  tw  sources  of  interference  can  be  better 


a.  ur-oment.;  ,ir-e  made  for  non-diversity  operation  and  for  two  level:-,  of  height 
r  ,-y.  A  .iciiemar  !<•  f  the  experiment  is  shown  in  figure  1.  The  comprehend  i  ve  data 
rding  system  allows  ••  ne  second  sampling  of  age  level,  cross-polar  d  i  se  r  i  mi  tint  i  on 
X:  s  ,  arc!  !.  i  *  -error  rat  les  ( PFR )  to  be  made  far  channel  (both  pel  ari  sat  ions'  in  both 
i  i  i  •  v  and  rv  n-di  versi  'y  configurations.  In  mldi-nr..  a  1  MHz  slot  filter  in  the 

t.  i iy  r-lnrised  channels  allows  e1  mpa r i son  be  made  between  the  wideband  and 

■  ,rr  wtar.d  fading  d  i  s c  r  i  l>u  *  i  ■  ns  as  determined  from  *  he  age  v  1  t  age  treasuremen*  .  i'uring 
■■■•  .  f  -  ■ :  1  '  i  pa  t  h  activity  all  of  'he  .-ne  second  sa-.|  ii>:  are  rec  ■  ■  rdeii  <nt  a  'Ait, Chester 

t  -lo  fi’or  [>r  cessing. .  When  no  act  ivity  is  observed,  the  .ar.pl  ing  .vrd  inues  at 

-  ■  o  !’•■.'  :  i  *  •  .  •  u  -  r<-  rding  is  r” :  -  r  :  -  *  ed  -  ■  jus.*  ■  ,r  a-  sample  set  p  >>  r  m  i  nu  t  • ■ .  By  ‘his. 

•  :•  'so  A:',  t..  * .  s  d  i  s-  is.  capable  of  h.  Mine  a*  lea,.'  ■  w  week,  d  data  during  a  severe 

. .  •  .:  i  •  t.  ;  of.  .  TifJ  sampling  of  t  tie  lystcm  is  ir.lt  ia'.ed  bv  detect  i.-.r.  of  errors 

c  v  *.  cs  r  .  -.bin  at  i  or;  of  change  .  f  age  ley.-i  •  .•  ge*hor  Wi  th  a  degrudat  i .  n  .  T  XPD 

:  ■  ■  c  ■  e  y .....  •  i ;  s; , '  given  *  h  re  shfi  1  d  s  .  A  thirty  second  [.cried  wi'h  u‘  detect  jot.  of  any 

■■■  ■  ,s;:  ,-..  will  reset  the  sys'em  t-  the  rne-ninu'e  re',  rding  m,  i<  f  operation. 

-  tt;>.  above,  a  channel  ,  ffse*  f r- .m  the  sys'em  Simula*  ion.  is.  equipped 

...  :  :■  •  wave  ink  analyser.  A  vide,  rec  rding  system,  triggered  by  fades-  exceeding  a 

'hr,.1  I  1.  *t.e.n  nr  vide::  a  record  ■  f  .•'-■•ivi'v  wi-hiu  this  channel  during  P'V'i  ds  ,  f 
C  '  : :  a  *  h  a  1  :  v  i  *  y  ,  *  bus.  allowing  later  nn.oivsis  f  ’he  farters,  that  w  uld  effect  the 
■;  <  •  -  ;  ,-rf  ns  u.-.-c  under  working  condi  t  i  .  The  recordings  obtained  have  pr  veil  very 
;  >  oo  ;.  a,.  •  i  ■  p— .  j  n  i  r.g  the  behaviour  of  rs  tches  wi*hin  a  channel  in  terms  of  growth  arid 

:  ’  .  c  r,  icp  ss  'he  channel  ,  and  alsc  -lie  [T  f.ort  ion  of  fades  that  change  between 

and  rs -r.-m  i  r.  i  mum  phase  states. 

Initial  resol's  showed  the  KF1QFGK  sys'em  '  tie  very  robust  i  ra  tire  presence  of 

—  :  i  '  i  r ,  a  *  h  d.i  r'ii.n,  the  principal  factor  affecting  the  outage  performance  being 

1 ,  sraia'icn  of  ‘he  XF’P  under  fading,  condi*i'  ns.  ("on sequen t  1  y  the  emphasis  of  the  work  has 


■stage  jn  II..'  PflCPfK  ryr'<-r.  an 


•  v; 111,  iaririr  jk  riods  of  mul  +  ipath  not  !  v'.  ty ,  bo 

a •  *  fr"q’i'Wi(>ii  across;  the  channel  bandwi  d*  h 

■  ■  fading.  The  arc,  however,  indicafes  the  cot” 

. . .  ■  f  •h."  fr" cooncy  selective  component  acrec.c.  •  ho 

I  •  fro;  nor:  -v .  degradation  in  XPP  will  have  an 
it-  w:*h  •  he  f  re-. coney  so  loot  i  vo  component  of  fading, 
r.  f  X r T  n-'cally  measured  on  f ho  sys'em,  will  bo 
tc  ■  iccii  "i'l'l  r.ado  that  is  duo  to  the  selective  fading. 

■  XPD  lo>’ra.l,v  ion  and  is  a  direct  measure  of 

'be*  will  bo  experienced  by  the  system. 

-point*  co- fro  j'ieney  re-use,  the  antenna  XPD  performance 
t  he  been  *  1  tan  f  eel  t  ha  t  with  a  height  diversity 
tir.  :T,"n'  f  r  ‘  he  fie!  .1-1  rial  is  36  dB.  This  is  based  on 
f--r  '  hr-  link  and  an  fait  age  targe*  of  0.0001  ,  derived 
>on  km  llyp<- t  ho  f  i  ea  1  Poferot.oc  Digital  ra*h  (HUPP) 
inally  ir.stal  led  ■■r.  the  experimental  link  met  this 
is  not  a  sufficient  sped  float  ion,  since  during 
ariat ion  in  the  arrival  angle  of  the  signal  duo  » 
antennas  mus*  bo  e.apable  of  coping  with  this-  effect 
Marly  results  f re m  the  experiment  quickly  indicated 
re  a  ar.d  the  an  t  enr-.n:--  we  re  re-aligned  to  give  an  optimum 
•\1  .angle,  rather  •  ban  tr.aximtim  on-bo  re-si  ght  gain.  The 
•>  i  ■-  i  ••■r:s  1 1 ;  *  ip.-  an’  or,:. .a.-  were  not  go  d  on. -ugh  f  r  'he 
A  . . .  i  r.g  1  v  antennas  with  a  high  XPT 


.Tht  of  t  ho  t  ran: '.ni  i  t  antenna  thereby  < ' '  1 1 : :  •  i  : 
~d  by  ’  h»'  fact  that  with  norrrs.nl  sparing  ■  f  t| 
i  *■  v  ' f f * ■  rs  little  in  the  way  of  improvement  . 
nr**  over.*  i  n  Fast  Anglin,  and  iwfnsur*T  t  ■  *  : 
•y  .  ! !  'W'-'vi'  r  ,  in  locations  whop*  stable 

'  sensed  diversity  antenna  spar  i  no  and/or  t  sa 
'lutie-n.  The  severity  of  the  events  o-hserv 
is  ‘  he  first  five  months  of  w  as  loss  t  h 

')  and  271  seconds  respec +  i  ve  1  y  .  It  rm  i :  t  be 
*  f  deep  fading  in  excess  of  t  ho  fl  -*i '  —  m  i 


rf'-r^nce 


n  ‘hi;-  has  teen  a- — urd  ed  f  s  ir.  *  he  i 
"using  nisi  t  ipath  f ad  i  rip  Ms*:'*  wi  1  \  < 

r.  '  *  :h  shape.  It  woven  w  i  *  h  *  b.e  1  is: ted 


r.  t;  s 'i  >*  •  V'-ar  is  *he  "K  ,  **;»■  ■;*  i. 

f  *  w  f  .r‘  rs  -  XI  !  :•  imm  :.d  i  •  n 


k  first  at  a  method  f-r  prod ;  :  *  i  r,g.  •  u‘  are  duo  v.  the  XPD  problem  and  then 
w  i  *  h  any  b rough*  about  by  ♦  ho  mu’,  t  t  pa*  h  i :  .  -  *  rt  i  on  .  Figure  2  represents-, 

PA  requirement  onto  which  comb  i  no  ‘  u  -ns  •  f  fin*  and  f  reque.  y  selective' 
sir.  ar.*enna  o  1  ear-sky  XFPs. ,  o,nn  im  sure'  r  i  mposcd .  However  if  we  have  a 
s*  i  r,  ‘hen  with  ar.  antenna  having  a  g---  d  XPD  performance,  there  should  be 
s  XPs .  Thus  flat  fading  is-  represented  by  horizontal  movement  across  the 
r*'  ss-scv  selective  fading  there  will,  ideally,  be  one-to-one  relationship 
HA.  Thus  this  '  •?  of  fading  is  res  ros^r.  t  <•••:  by  a  diagonal  line  on  the 


■  u-sky  XPP  of,  for  example,  40  dB  ,  we  car.  d«  •  ♦  e  rn  i  no  the  p  •*-  :•*.  i  b  1  e  degree 
:  ng  *  hat  the  system  can  tolerate,  for  various  an  usds  *  f  flat  fading.  In 
r  bv  *  t;  * 4  heavy  lire*,  with  10  dB  of  flat  fading  p  re  sc  id  ,  ‘he  systerr^is 
•  c.d  1 irund  21  dB  of  selective  fading  w  i  » hou*  exceeding  ‘he  in  error 
.*  *  h  :  .  •  •  X*  •  so  i  se  ••••yer  a  range  of  values,  we  car.  bus  1  <1  up  the  diagram  of 

s  w:  *:.*•  i  i  -  i  t  of  possible  operation  of  the  sysd.-n  for  a  given  value  of 
:  !  w : *  * ,  •  •  d  '•  x  •  e  >  ■  d  i n g  *  h e  1 0  e rror  rati o . 


-amu  1  a  t  i  ve  probability  •.-n*'-jrs  ■  f  fin*  and  selective 
.u.  ascertain  the  1 -west  value  of  join4  probability  for 
y  ‘  Ms  1  e f *  of  sir  XPP  ^  dmrnd.'rid  in  This 
d  -,g*-  d  u  •  •  fs  XPD  degradation.  (  f-  i  nee  the  joint 
•hum'*  t  <-r  i  t  if  are  net  I  ion*  imal  *  hey  c<  oil  d  be  allowed  to 
"'i’ai'f  rerpj  i  remejit  }  .  With  due  regard  for  the  overall 
s-a- h  *  he  rt“  t  h‘  *d  car.  neve  r  t  he  l  ess  be  recommended. 


•  Tiid  Ipa^h  distort  i'>n,  we  have  found  that  the 
V'  ry  err.  a  1  1  indeed.  The  has  i  c  assessment  is 

>*  s  '  f  p-o  :*s  i  1)  1  e  ru  •  t  eh  flop  *  h  agn  i  ns  ‘  de  lay.  {  a 

•  c.-d  ♦  he  idealised  system,  signature  Iryed  against 
fe  when1  ‘he  t  wo  emss  and  by  in* egrn*  i  r.g  and 

1 1  *  i  r  1 1  outage.  In  the  ease-  of  the  PBCPfK 
er-  s-s,  ind!ca‘  i  ng  a  zere  'en*sibu‘  n  r.  •-■  *  he 
•-•:'il  s  i  ♦  uat  o-ns  t  ha  ♦  must  he  taker,  in*-  aoc--  hid  . 

-dp,  s  i  ♦  i  ia  ‘  ion  for  certain  lei  ays,  ses-ul  *  s  in 
rig  s-  i  *  ua*  od  at  minima  <  f  ‘he  i  r.  t  e  r  f  e  r*v  -.oe  field 

•  u  r .  r  *  1  v  e  s  y  i  r  ‘  ua  1  1  v  in  a  m  n~d  i  ve  rs  i  *  v  s-  i  'tn‘  i  en  . 
’t.a’ure  de  1  ay  1  eve  1  parar.e‘or.  Tb.  i  :•*  s  i  t  uat  i  cp 

en*  er  i  t  i  t  (■  the  \  >red.  i  r  *■  i  ■•■r,  tn^t  h«*'d .  The  :-oor  nd 
arc/  de.-p  r.-  *ches  have  bo#*r.  •  b.-f rvoM  t-  change 
.se  .  t,a*f.-.  h  befrivi  -  nr  i  .  net  ur.expe<'ted 

'•  i.  •■sned  wi  11  to  in  cd  i -phase  and  o.f  near 
M-..V  .-ligh*  epar. ges  d;  ‘heir  so-  la‘ive  amp  1  i  t  uiles* 
r  g  r-  ••  ip-de  1  ay  '-ham  *  *  -  r  i  s  f  \  In  ch.angi  ng  ^‘ate, 

u  -  d  ■ '  t;  r  •  i  tun*  ion  ar.d  *  hu;-'  a-!d  t-  t  > ,  f  ■  out  ago 
i  -i  ‘  -ran  he  e  a  ?  #»  re/-}  f.  r  :  r.  ‘tie  pr*e-die*  i  rn  method, 
r  i  r.-1 1  v  i  dua  !  eve?;  ♦  r  a  f  feet  inc  a  s.y:'tf’m.  It  is 
‘ate  ri'*  ep.r-s  iii  ex  ■  f,  say,  go  ,jp  must  expect 

c  d  i c  -n -m. ;  r ■  i  mum  rh  a.e  r  an-  b*  I  ay  diarac  t  e  r  i  y.  \  \  c  s  . 


1)IS(  I  SSION 


R.\  alintin,  (  ic 

(  miUl  uni  please  comment  on  the  il  l. Hive  advantages  ot  disadv  .ini. igcs  o|  the  RBOI’Sk  -modulation  compared  to  other 
dijtit.il  moiliilation  methods  like  (Ji’RS  and  I  n  (.)  \M  1  he  specti  al  cflicicncv  is  one  (actor,  the  signal-to -noise  or 
I  |,  \  i  at  n>  is  anot  Itci  one  when  deal  me  with  these  modulation  schemes.  I  low  big  is  the  difference  in  practice  in  the 
sien. il  to  noise  ratio  rci|uncd  loi  a  given  HI  R  ot  a  KBOI’Sk  svstem  compared  to  a  "normal"  (Jl’Sk  system  .' 

Xutlmrs  Reply 

1  hi  mam  fc.tluics  ot  the  RBtJI’Sk  s\stem  . lu¬ 
ll  i  I  he  specli.il  cllivtcncv 

l  _  )  I  he  lohusiness  ol  the  s\siem  in  the  presence  ol  multipath  activity  due  to  the  "built-in"  two-stage  adaptive  feedback 
svstem  to  counteract  the  inherent  mlersv  mbol  inter "lerence  ol  the  s\ stem.  I  hus  much  of  the  system  outage  is 
determined  b\  the  \l’l  performance  ol  tile  antennas  employed 

\s  a  measure  ol  the  elfectiveness  ol  the  adaptive  equalisation  in  combatting  multipath  aetivilv.  when  an  RBOPSk 
demodulator  was  lilted  to  an  II  ( ill  /  (Jl’Sk  svstem.  the  outage  was  reduced  by  a  factor  of  at  least  6. 

We  are  monitoring  the  performance  of  a  I  (>  (JAM  system  on  the  same  route  as  the  RIKJPSk  experiment,  but  this 
lias  not  been  running  lor  sulficient  time  for  us  to  give  a  meaningful  comparison  of  results. 

I  am  son  y ,  but  I  cannot  answer  the  question  re  signal -to-noise  ratio  lor  given  HI  R  I  am  a  propagation! si  not  a 
sv stems  cnemeei .  but  v.  ill  arrange  for  the  inhumation  to  be  sent  to  you 


K.W.HuhhariU  S 

(I)  What  was  the  diversity  spacing  during  the  powet  lading  event’.’ 

1 2 )  W  hat  was  used  to  estimate  the  small  delav  values  during  multipath  lading.’ 

\uthnr\  Reply 

ill  I  oi  lirst  diversity  level  -  I  .V5  metres;  tor  second  level  2  1 .5  metres. 

t  2 )  (a )  I  tom  analysis  of  v tdeo  recordings  ol  the  Microwave  1  ink  Analyser,  (b)  f  ront  an  experimental  programme  of 
cm  ve  fitting  to  a  5 HU  Ml  1/  swept  frequency  experiment  I  u 72— 75. 


.1.  X.Hoffmever,  l  S 

N  mi  commented  that  minimal  and  non -minimal  phase  lading  are  equally  probable.  What  is  the  basis  of  this  assertion? 

Xutlmr’s  Reply 

I  he  equiprobability  of  minimal  and  noil-minimal  phase  lading  applies  only  to  deep  failing,  where  in  a  two-path  situation 
the  components  are  ol  item  equality  m  amplitude  and  hence  anv  slight  change  in  relative  amplitude  will  change  the 
classification  of  the  facie.  I  his  has  been  observed  to  happen  in  the  Ml. A  experiment. 


PROPAGATION  EFFECTS  ON  THE  DOPPLER  FREQLENCY 
SHIFT  OF  SATELLITE  TRANSMISSIONS 
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SIMMAHY 

The  refraction  phenomenon  in  the  troposphere  and  the  ionosphere  causes  an  error  in  the  Doppler  frequency 
shift  of  radio  transmissions  emitted  from  a  nonstationary  satellite  and  received  on  the  ground.  Estimates  are  made 
of  the  Doppler  error  for  various  atmospheric  and  solar-geophysical  conditions  and  are  applicable  for  frequencies  in 
the  YHI'-l'HF  range  and  above. 

1.  I  NT  RODl'CTlON 

Electromagnetic  waves  when  transmitted  through  a  medium,  such  as  the  troposphere  or  the  ionosphere,  whose 
dielectric  constant  or  index  of  refraction  is  a  varying  function  of  the  path,  undergo  a  change  in  the  direction  of  propa¬ 
gation  or  refractive  bending.  Because  of  the  refraction  phenomenon,  an  error  is  introduced  in  the  Doppler  frequency 
shift  of  radio  transmissions  emanating  from  satellites  and  in  the  determination  of  the  radial  velocity  of  space-borne 
vehicles.  The  error  results  from  the  fact  that  the  direction  of  the  refracted  ray  at  the  spacecraft  differs  slightly  from 
the  unrefracted  line-of-sight  direction. 

In  this  paper,  estimates  are  made  of  the  characteristics  of  the  Doppler  frequency  shift  and  the  errors  that  can 
lie  encountered  in  the  reception  of  transmissions  from  satellites  traversing  circular-polar  orbits,  an  elliptical-polar 
orbit  and  an  orbital  path  of  small  inclination  at  geosynchronous  altitude. 

2.  THEORETICAL  CONSIDERATIONS 

2.  1  DO  I ’PEER  EFFECTS 

The  frequency  of  a  radio  signal  emitted  from  a  transmitter  on  a  space  vehicle  and  received  on  the  earth  ex¬ 
periences  an  apparent  shift.  The  phenomenon  which  is  referred  to  as  the  Doppler  effect  occurs  because  of  the  relative 
motion  between  the  source  of  transmission  and  the  stationary  receiver  terminal. 

The  Doppler  effect  can  be  expressed  In  the  relationship 

f ,  -  -  V  cos  ..  (1) 

d  c 

where  f  j  is  the  frequency  difference  between  the  apparent  reflected  frequency,  f ’ ,  and  the  transmitted  frequency,  f,  c 
is  the  free  space  velocity  and  V  is  the  satellite  velocity.  As  shown  in  Figure  1,  it  is  the  angle  between  the  satellite 
velocity  vector  and  the  direct  path  (i.o. ,  line-of-sight  direction). 

Because  of  the  refractive  characteristics  of  the  troposphere  and  the  ionosphere,  an  error  is  introduced  in  the 
determination  of  the  Doppler  frequency  shift.  The  error  in  the  Doppler  frequency  difference  is  given  by 

A  f ,  -  -  A  V  cos  t  (2) 

(i  c 

where  it  is  assumed  that  f  and  t  are  errorless  quantities. 

The  term,  AY  cos  is  the  component  of  the  satellite  velocity  error  in  the  direction  of  the  line-of-sight  path. 
According  to  Figure  1,  this  term  is  given  by 

AY  cos  .  Yn  -  Yf(  (3) 


and  where  a  is  the  angle  between  the  velocity  vector  and  the  ray  path.  It  is  noted  that  Vp  and  are  the  components 
of  the  satellite  velocity  projected  along  the  direct  path  and  the  ray  path,  respectively. 

It  follows  from  Equations  (3)  through  (5)  that  Equation  (2)  can  be  rewritten  as 


cL  V  [■ 


COS  b  -  cos 


(<-  i  3 


DISC TSSION 


(•.li.Vlillniaii.  I  S 

Your  discussion  pertains  to  irregularities  which  induce  amplitude  scintillation.  I  lave  you  considered  irregularities 
which  are  associated  with  phase  scintillation  .’ 

Author's  Reply 

I  he  irregularities  in  the  I  laver  produce  both  phase  and  amplitude  fluctuations.  The  digital  outages  noted  in  equatorial 
measurements  could  all  be  explained  by  amplitude  lading.  It  is  certainly  possible  that  phase  fluctuations  could  affect 
certain  modulation  systems. 


B.VV.Reinisch.  I  S 

You  slated  the  irregularities  in  the  I  -region  hav  e  the  size  of  a  Fresnel  zone.  Did  you  mean  to  say  that  the  observed 
scintillations  at  a  given  signal  frequency  are  caused  by  Fresnel  size  irregularities? 

Author's  Reply 

I  he  F-region  irregularities  w  hich  produce  the  predominant  effect  on  trans-ionosphcric  transmissions  are  of  the  Fresnel 
wavelength  (it  (>./)']  although  the  smaller  scale  irregularities  have  an  important  effect  on  the  spectra  of  the  fluctuations. 


C  .(loutelard.  Fr 

Yous  signalez  que  la  diversitc  temporelle  avee  le  codage  est  la  seule  qui  puisse  etre  utilises  dans  le  probleme  que  vous 
venez  d'exposer.  F.ntendez-vous  par  lit  un  entrelacement  de  codes  ou  une  repetition  des  messages? 

Author's  Reply 

Code  interleaving  is  the  only  practical  method  of  dealing  w  ith  a  changing  medium  (the  irregularity  structure)  since 
repetition  might  only  bring  new  errors;  the  receiver  of  the  message  would  then  have  to  decide  as  to  which  characters 
were  in  error. 


OEV l AT I ON/MEAN  STANDARD  OEVIATION/MEAN  STANOARO  OEVIATION/MEAN 


Mgu  r  e  1  ?  :  Sc  i  n  t  i  1  I  a  t  i  on  1  eve  Is  at  ?-  ^0  *TH 7.  a  s  t  aken  close  to 
f  v.M  rv.Knetic  equator  f  Ci\  «in^  .  Periods  of  relatively  low  level  can 
!>»'  noted  before  rvidnight  on  days  111  and  114  fPnu  1  son  ,  1  98? )  . 


VELOCITY.  METRES/SEC.  (♦)  VELOCITY.  HETRES/SEC.  U1  VELOCITY.  HETRES/SEC.  (♦! 
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Figure  9:  bn  tfpz  radar  backscatter  power  map  of  nighttime 
irregularities  obtained  at  Jicanarca  on  lb-17  October  197b 
fflasu  and  Aarons,  1977;  tnap  from  data  supplied  by  J.P. McClure^ 
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Out;  can  note  how«?ver  that  the  irregularities  at  700  km  show  a  gap  between  2020  and  2040. 

The  lines  of  force  of  the  earth's  magnetic  field  that  are  associated  with  the  700  km  point  come 
down  to  250  km  in  the  anomaly  region.  Thus  irregularities  seen  at  700  km  and  higher  over  the 
magnetic  equator  are  the  only  ii regular  it  ies  observed  directly  overhead  at  Ascension  Island. 
Between  2020  and  2040  therefore  it  is  possible  to  have  extremely  low  levels  of  fading.  As 
illustration  of  this,  250  Kllz  records  are  shown  (Figure  10)  where  gaps  between  the  high 
intensity  scintillations  are  observable  (Coodman  and  Martin,  1982).  Levels  in  dB  for  another 
day  are  shown  in  Figure  11.  At  the  magnetic  latitude  of  the  observations  (10  and  2)  )  there 
aie  periods  of  one  hour  between  the  larger  structures.  The  gaps  are  also  noted  at  lower 
f  requenc ies . 

Even  at  the  magnetic  equator  for  example  in  data  from  Guam  (Figure  12  from  Paulson,  1981) 
there  are  blocks  of  time  when  scintillation  levels  are  low  (note  low  periods  in  Days  113  and 
114,  1982).  In  this  illustration  the  velocity  can  be  noted  to  slow  down  as  the  night  progresses 
towards  morning.  However  there  are  times  (0100  LST  on  Day  115)  when  the  velocity  may  increase 
after  having  slowed  down. 

5.2  TIKE  OF  EFFECTS 

The  basic  time  sequence  of  the  irregularity  patches  is  that  the  plume  forms  within  an  hour 
after  sunset,  rises  into  the  higher  altitudes  during  formation  and  then  moves  eastward  (for  the 
most  part).  Scintillation  effects  at  the  receiving  sites  will  therefore  vary.  If  the  signals 
which  are  to  be  retransmit  ted  are  scintillating  then  mitigation  using  morphology  is  inadequate. 
However  if  only  the  receivers  are  affected  then  a  knowledge  of  the  temporal  variation  of 
scintillation  is  important.  Since  the  plume  rises  with  velocities  which  may  reach  over  200 
peters  per  second  (Ossakow,  1981)  the  signals  would  appear  later  in  the  regions  distant  from  the 
magnetic  equator.  This  has  been  shown  in  the  shipborne  experiment  of  Goodman  and  Martin  (1982) 
where  high  scintillation  levels  are  noted  around  the  midnight  time  period  when  the  ship  was 
distant  from  the  equator  compared  to  earlier  hours  when  the  ship  was  near  the  magnetic  equator. 

5.3  OTHER  MITIGATION  TECHNIQUES 

Johnson  (1980)  has  covered  mitigation  techniques,  finding  frequency  diversity  impractical 
for  separations  less  than  100  MHz  and  space  diversity  needing  separations  of  .5  to  1.0  km  for 
the  most  part  . 

Time  diversity,  utilizing  the  measured  real  time  channel  chacter ist ic s  to  develop  the 
coding  to  be  used,  appears  to  be  the  most  practical  method  of  mitigating  the  deep  fades  of 
scintillation  activity.  Modems  and  coding  methods  could  be  utilized  in  conjunction  with  the 
geophysical  characteristics  of  irregularity  patches  to  minimize  the  effect  of  the  small  scale 
irregularities  on  digital  communications. 

Another  possible  mitigation  technique  is  to  utilize  multiple  satellites  thus  supplying  a 
diversity  of  paths  for  the  signal.  This  would  yield  time  differences  of  up  to  a  few  hours  as 
well  as  utilize  the  individual  behavior  of  different  sectors.  The  obliquity  of  the  paths 
however,  cutting  through  several  patches,  should  be  taken  into  consideration. 


To  determine  the  effects  of  scintillation  on  digital  transmissions,  power  spectra  and 
fading  characteristics  should  be  examined.  Roth  the  power  spectra  and  the  fading  statistics 
must  be  assessed  as  they  change  as  a  function  of  time,  latitude,  frequency  etc.  We  will  attempt 
to  outline  some  results  to  date  and  to  give  references  for  additional  information.  A  single 
histogram  of  scintillation  fading  data  at  250  MHz  is  given  in  Figure  2.  The  250  MHz  aircraft 
data  shows  the  percentage  of  time  that  the  fading  amplitude  equaled  the  abcissa.  The  data  in 
Figures  1  and  2  were  taken  near  the  magnetic  equator  during  a  period  of  low  solar  activity. 

From  a  series  of  observations  of  250  MHz  scintillations  using  the  USNS  HAYES,  Goodman  and  Martin 
(1982)  were  able  to  contrast  the  average  maximum  of  fade  depth  in  dB  across  the  anomaly  region 
with  the  region  near  the  magnetic  equator.  This  is  shown  in  Figure  3. 

3.  FADING  RATE 

Analogue  records  such  as  shown  in  Figure  1  appear  to  encompass  a  relatively  narrow  band  of 
frequencies;  in  general  the  zero  crossings  are  not  greatly  variable  when  observing  on  the  ground 
over  a  time  span  of  5  minutes.  Basically  the  sma 1 1  scale  irregularit  ies  with  Fresnel 
wavelengths  of  several  hundred  meters  are  moving  eastward  across  the  t rans- ionospheric  path.  An 
aircraft  moving  with  the  ionospheric  F  layer  wind  pattern  would  experience  lower  fading  rates 
than  an  aircraft  moving  against  the  wind.  Figure  4  (j.Buchau,  personal  communication)  shows  the 
increase  in  rate  as  a  function  of  aircraft  heading.  The  fading  rate  is  a  function  however  of 
both  the  velocity  of  the  ionospheric  wind  and  the  strength  of  the  irregularities.  With  strong 
scattering  the  pattern  on  the  ground  is  not  the  pattern  of  the  irregularity  motion  across  the 
path;  additional  components  are  created  and  the  fading  rate  increases.  Tn  Figure  5  (Yeh  et  al, 
1981)  the  fading  rate  is  much  higher  earlier  in  the  evening  than  later.  The  velocity  however 
changed  slowly.  For  strongly  scattered  signals  therefore  the  velocity  is  only  one  component  of 
the  fading  rate. 


4.  SPECTRA  OF  EQUATORIAL  SCINTILLATIONS 

The  more  accurate  measure  of  the  signal  characterist ics  is  of  course  the  fading  spectrum. 
Amplitude  measurements  taken  at  Natal,  Brazil  at  250  MHz  such  as  shown  in  Figure  6a  (Yeh  et  al., 
1981)  were  analyzed  with  the  normalized  power  spectra  shown  in  Figure  6b.  It  is  these  spectra 
that  the  designer  of  modems  must  utilize.  The  problem  is  that  the  spectra  vary  as  a  function  of 
strength  of  the  irregularities,  frequency,  time,  and  location  of  site.  Just  as  in  all  systems 
therefore  the  limits  of  requirements  must  be  established. 

Perhaps  the  most  direct  way  of  showing  the  variations  as  a  function  of  time  and  frequency 
would  be  to  illustrate  the  sc  int  i  I lat  ion  amplitude  changes  as  a  function  of  frequency  as  well  as 
the  changes  in  the  auto-correlation  function  as  a  function  of  both  time  and  frequency.  Tn  the 
illustration  of  reduced  data  shown  in  Figure  7  (Basu  et  al.,  1983),  amplitude  sc int i I lat ions  at 
257  MHz  were  saturated  from  2200  LST  (2300  UT)  to  2245  LST;  the  1.54  GHz  scintillations  are  very 
high  but  are  at  times  not  saturated.  The  autocorrelation  falls  to  .5  at  about  .6  seconds.  Very 
strong  scattering  was  produced  at  257  MHz  however  and  the  autocorrelation  fell  to  .1  seconds 
from  0110-0220  UT.  Tn  the  post-midnight  time  period  scintillations  were  less  than  1  dB  at  1.54 
GHz  but  were  considerable  at  257  MHz.  The  autocorrelation  function  was  of  the  order  of  1.2 
seconds  for  257  MHz  in  the  post-  midnight  time  period.  From  the  viewpoint  of  correcting  errors 
in  digital  communications,  differing  characteristics  of  each  frequency  have  to  be  met  in 
correction  methods  even  during  the  same  night. 

Subtle  differences  in  spectra  can  be  noted  between  the  illustrations  given  in  Figure  6a  and 
6b  (Yeh  et  al.,  1981)  and  Figures  8a  and  8b.  The  second  set  can  be  seen  to  have  higher 
frequency  components  than  the  first  set;  this  is  shown  distinctly  by  the  increased  level  of  the 
high  frequency  components  in  the  spectra  of  the  Figure  8  set.  These  are  relatively  similar 
spectra.  The  differences  emerge  more  strongly  when  slow  and  deep  fading  take  place  --  sometimes 
simultaneously  (early  hours  of  the  morning).  Both  spectra  and  their  simplified  forms,  fading 
rates,  show  the  effects  of  the  velocity  decreasing  as  a  function  of  time  as  the  night 
progresses,  moving  on  occasion  to  a  westerly  velocity  in  the  early  morning  hours, 

5.  MINIMIZING  THE  EFFECTS  OF  EQUATORIAL  SCINTILLATION 

5.1  PATCH  STRUCTURE 

The  nature  of  the  formation  of  the  plumes  and  their  dimensions  allow  for  a  method  of 
"inserting  information"  between  the  patches.  In  Figure  9  the  coherent  radar  returns  observed  in 
Jicamarca,  Peru  show  a  typical  structure  (Basu  and  Aarons,  1977,  from  data  supplied  by  J.P. 
McClure).  The  cross  section  of  the  irregularities  as  shown  by  the  backseat  ter  return  plus  an 
understanding  of  the  geophysics  of  irregularities  allows  us  an  opportunity  to  minimize  the 
effect  of  scintillations.  The  irregularity  patch  can  be  pictured  as  a  banana  oriented  magnetic 
North-South,  its  long  dimension  at  times  extending  over  one  or  two  thousand  kilometers  north  and 
south  of  the  of  the  magnetic  equator.  The  structures  shown  in  Figure  9  appear  overhead  as 
scattered  signals  at  1920  Local  Standard  Time.  Scattered  signals  disappear  at  2200.  At 
frequencies  greater  than  1  GHz  one  would  observe  scintillations  from  1945  to  2010. 

Scintillations  would  also  appear  between  2030  and  2050.  Overhead  at  Jicamarca,  Peru,  on  the 
magnetic  equator,  t rans- ionospher i c  signals  in  the  VHF-UHF  range  would  be  affected  between  1^20 
and  2200  LST. 
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SUMMARY 

In  the  region  within  It  20*  of  the  magnetic  equator,  irregularities  in  the  F  layer  of  the 
ionosphere  have  a  deteriorating  effect  on  satellite  transmissions,  analogue  and  digital. 
Ionospheric  effects  have  been  observed  at  frequencies  to  7  GHz  although  the  fade  levels  (in  the 

worst  case)  at  that  frequency  are  no  greater  than  2  dR.  However  fades  of  10  dB  have  been  noted 

on  4  GHz  in  worst  case  statistics.  Systems  using  frequencies  affected  by  the  irregularities  are 
proliferating  and  include  communications  at  250  MHz  and  400  MHz,  navigational  systems  at  1.2  GHz 
and  1.6  GHz  and  commercial  maritime  communications  systems  at  1.5  GHz.  There  is  need  to  assess 
the  strength,  morphology,  and  spectral  characteristics  of  the  t rans- ionospher ic  transmissions  in 
order  to  mitigate  fading  in  a  t rans- ionospher ic  digital  system.  The  morphology  and  signal 
statistics  of  equatorial  scintillations  have  recently  been  reviewed  (Aarons,  1982  and  Yeh  and 
1. i u  ,  1  982 )  .  During  years  of  high  solar  flux,  the  anomaly  regions  of  the  equatorial  region 
(regions  of  high  electron  density  near  20  magnetic  latitude)  experience  extremely  high  levels 
of  fading  during  the  hours  from  one  hour  after  sunset  to  midnight.  Maximum  activity  takes  place 
during  the  equinoctial  months  although  there  are  differences  in  behavior  of  various  longitudinal 
sectors.  In  years  of  low  solar  flux  the  anomaly  regions  do  not  experience  deep  fading  of  the 
level  noted  although  fades  of  6  dB  at  the  magnetic  equator  have  been  noted  at  1.5  GHz  during 
years  of  low  solar  flux.  Typical  amplitude  spectra  from  regions  on  the  magnetic  equator  and  in 

the  anomaly  region  are  given  at  frequencies  varying  from  250  MHz  to  1.5  GHz.  Spectra  vary  as  a 

function  of  the  strength  of  irregularities,  frequency,  local  time  and  location  of  site.  Data 
are  given  to  allow  the  designer  of  modems  to  determine  the  range  of  fading.  Saturated  signals 
as  well  as  weakly  scattered  signals  can  be  noted.  The  system  designer  will  be  urged  to  utilize 
times  of  low  scintillation  levels  between  large  scale  patches  of  irregularities  to  transmit 
information  redundantly.  Away  from  the  magnetic  equator  and  at  times  at  the  magnetic  equator 
the  patches  may  produce  deep  fading  which  will  last  for  an  hour  and  then  give  5-30  minutes  of 
time  hen  no  irregularities  are  in  the  t rans- ionospher ic  path.  High  data  rates  can  be  utilized 
in  these  periods.  While  the  forecasting  of  the  structure  of  the  patches  and  the  pauses  is 
difficult  the  general  characteristics  of  the  irregularity  structure  should  allow  for  programming 
information  even  during  those  months  when  maximum  scintillation  activity  exists. 


1.  INTRODUCTION 

In  the  region  within  ±20*  of  the  magnetic  equator,  irregularities  in  the  F  layer  of  the 
ionosphere  have  a  deteriorating  effect  on  satellite  transmissions,  analogue  and  digital. 
Ionospheric  effects  have  been  observed  at  frequencies  to  7  GHz  although  the  fade  levels  (in  the 
worst  case)  at  that  frequency  are  no  greater  than  2  dB.  However  fades  of  10  dB  have  been  noted 
on  4  GHz  in  worst  case  statistics. 

Systems  using  frequencies  affected  by  the  irregularities  are  proliferating  and  include 
transmissions  at  250  MHz,  navigational  systems  at  1.2  GHz  and  1.6  GHz,  and  commercial  maritime 
communications  systems  at  1.5  GHz.  The  need  therefore  to  assess  the  strength,  morphology,  and 
spectral  characteristics  of  the  t rans- i onospher ic  transmissions  is  important  if  one  is  to  deal 
with  the  fading  in  a  t ran s- ionospher i c  digital  system. 

The  morphology  of  equatorial  scintillations  has  recently  been  reviewed  (Aarons,  1982)  and 
th.  signal  statistics  involved  in  scintillation  observations  have  also  been  reviewed  (Yeh  and 
T in,  1987).  During  years  of  high  solar  flux  such  as  experienced  between  1979  and  1981  the 
anomaly  regions  of  the  equatorial  region  (regions  of  high  electron  density  near  20  magnetic 
latitude)  experience  extremely  high  levels  of  fading  during  the  night  hours  from  one  hour  after 
sunset  to  midnight  (the  worst  case  statistics  given  above  come  from  the  anomaly  region). 

Maximum  activity  is  for  the  most  pari  in  the  equinoxes  although  there  are  differences  in 
behavior  of  various  longitude  sectors.  In  years  of  low  solar  flux  the  anomaly  regions  do  not 
experience  deep  fading  of  the  level  noted  although  fading  of  6  dB  peak  to  peak  ;  *he  magnetic 
equator  has  been  noted  at  1.5  GHz  during  years  of  low  solar  flux. 


7.  FADING  CHARACTER T ST  ICS  RELEVANT  TO  DIGITAL  COMMUNICATIONS 

Fluctuations  of  signal  are  due  to  the'  passage  of  irregularities  across  the 
t rans- ionospher ic  path.  The  scale  size  of  the  irregularities  is  determined  by  the  Fresnel 
wavelength  whitli  in  the  case  of  transmissions  from  1D0  MHz  to  4  GHz  is  o f  the  order  of  hundreds 
of  meters.  While  t h ! s  is  the  dominant  size,  there  are  strong  shorter  wavelength  irregularities; 
them-  are  responsible  for  a  high  frequency  component  of  the  scint  illations.  Fast  recordings  of 
sc  int  illation  amplitude  appear  as  shown  in  Figure  1  (A.  Johnson,  personal  communication).  It 
can  he  seen  that  eV* n  with  signal  to  noise  margins  of  10-20  dR  above  noise,  there  are  times  when 
t  lie  signal  level  falls  t  o  a  point  where  digital  informat  ion  will  he  lost  in  the  fade. 


(Expressions  for  -he  angles  (i  and  O  can  tie  derived  utilizing  the  vector  analysis  approach.  It  is  assumed  that 
the  velocity.  V  and  the  directions  D, (direct  path)  and  H  (ray  pathi, are  unit  vectors.  Thus  the  scalar  product  of  the 

vectors  V  and  1)  and  V  and  K  arc 

V  ■  I)  1 V |  |d|  cos  t'  cos  t  i~l 

V  •  R  |\'|jn|  cos  0  cos  <{>  < t> I 

According  to  Figure  1,  the  vectors,  V,  D  and  R  can  be  represented  by  the  unit  vectors  (i,j,k)  along  the  X 
(east),  V  (north)  and  Z  (zenith)  axes: 


V  ■-  i  sin  a  sin  A  *  j  sin  Q  cos  A  +  k  cos  Q 


D  =■  i  sin  y  sin  A  -  j  sin  7  cos  A  -  k  cos  Y 
R  R 


sin(y-AEs)sinAR-j  sin  (T-AEj  cos  A  R  +  k  cos  y 


It  is  noted  that  D  is  in  the  7.  -  R  plane  and  that  O.  is  the  angle  between  the  Z-axis  and  V,  A  is  the  azimuth 
angle  of  V  measured  from  geographic  north  at  the  satellite  location,  AR  is  the  azimuth  angle  of  R  measured  from 
geographic  north  at  the  satellite  location,  y  is  the  angle  between  the  Z-axis  and  D  and  is  the  angle  between  D 
and  R. 

Substituting  Equations  (0)  and  (10)  in  Equation  (V)  yields 

cos  ..  -  sin  a  sin  A  sin  y  sin  A  R  +  sin  (1  cos  A  ^  sin  y  cos  +  cos  a  cos  y  (12) 

Similarly,  when  substituting  Equations  (9)  and  (11)  in  Equation  (S),  it  follows  that 
cos  :>  sin  0  sin  A  v  sin  (y  ■  A  Eg>  sin  A  +  sin  0.  cos  A  v  sin  (  y  +  A  Eg)  cos  AR 

(13) 

•  cos  (I  cos  ( y  *  A  E  i 
s 

i  or  the  two-dimensional  ease  in  which  A  ^  Av  -  0  or  90%  Equations  (12)  and  (13)  simplify  to 
cos  j.  cos  i  y  -  Q  )  1 1 4  \ 


cos  :■>  cos 


s  f'y  ■  A  E^  -  (l  ] 


When  substituting  Equations  (13)  and  (13)  in  Equation  '  i),  the  Doppler  frequency  difference  error  becomes 


-  Y  f  -in  a  ".-1(1  Y  -  sin  [7  ■  A  Fg)j  cos  ^AR  -  A  yJ 
cos  ti  cos  y  -  cos  ( 7  *  A  Fg  \  ^ 


An  expression  for  th  angles,  A  !•:  and  y ,  can  lie  readily  derived  from  figure  2  which  illustrates  the  angular 
dc\  laiion  of  a  ray  due  to  the  refractive  effects  of  the  medium. 

It  can  be  shown  utilizing  Snell's  l  aw  lor  spherically  stratified  surfaces  and  the  law  of  sines  that 


- -r  (■"-■  ,1  -AF' 

r  ■  h  '  o  i 


i  n  r 

~loo 

-  eos  - - - —  -  COS  E 

n  ( r  •  h  )  o 

s  O  s 


where  n  ami  n  are  the  retractive  indices  at  the  ground  and  space  vehicle,  respectively,  r  is  the  radius 
os  r  o 

<>f  the  earth  «»37l  kmt  and  \\  is  the  refraction  angle  error  corresponding  to  the  apparent  elevation  angle,  E  , 
md  satellite  altitude,  h  n 


The  angle,  y ,  is  derivable  from  the  law  of  sines  and  is  given  by 


-1 


r  + 
o  s 


(E 
\  o 


A  E'l 


(18) 


In  determining  an  e-  pression  for  the  angle  a,  it  is  necessary  to  consider  the  orientation  of  the  satellite's 
velocity  vector  with  respect  to  the  zenith  as  indicated  in  Figure  3.  It  can  be  shown  from  simple  trigonometric  con¬ 
siderations  that 


a  tan 


-1 


sin  0 


cos  6 


r  -  h  , 

o  si 


r  +  h 

o  s2 


(19) 


where  0  is  the  earth's  central  angle  measured  between  the  two  satellite  positions,  p^  and  p2_  The  parameters  hgl 
and  hg0,  are  the  altitudes  of  the  satellite  at  p^  and  Pg,  respectively. 

For  small  angle  0  ,  Equation  (19)  simplifies  to 


Cl  tan 


-1 


D 


h  -  h  , 

s2  si 


(20) 


where  D  is  the  distance  travelled  by  the  satellite  as  projected  onto  the  minimum  altitude. 

It  is  noted  that 

90  <  Cl  -  180  for  h  ,  >  h  „ 
si  s2 

0  -  90  for  h  .  --  h  „ 
si  s/ 

0  -  a  <  90’  for  h  ,  <  h  „ 
si  s2 

The  h  .  h  _  condition  occurs  for  a  satellite  in  a  circular  orbit, 
si  s2 


The  angle,  A(<,  which  is  the  bearing  angle  of  the  propagation  direction,  i.e.  ray  path,  at  the  satellite  is  given 

in  Figure  4  which  depicts  the  satellite  geometry  projected  on  the  earth's  surface.  It  can  be  readily  shown  from  spher¬ 
ical  trigonometry  that 


A  j-j  -  cos 


-1 


-cos  A  cos 


(1  -  *  )  +  sin  A  sin  (  X  -  X  )  sin  L  > 
'so  l  'so  I  o 


(21) 


where  A  is  the  bearing  of  the  satellite  (with  respect  to  geographic  north)  as  measured  at  the  observation  site,  Lq  is 
the  latitude  of  the  observation  site,  and  Xg  and  \  are  the  longitudes  of  the  satellite  and  observation  site,  respectively. 

Figure  5  displays  the  bearing  of  the  satellite  orbital  velocity  vector,  A^.,  as  projected  on  the  earth's  surface. 

It  should  be  evident  that  A,,  can  be  expressed  by  the  function 
V 


A,,  cos 
v 


^  sin  ■'  01,1  — j 


L_  -  cos  <1  sin  L, 


sin  tt  cos  L 


(22) 


where  I.j  and  l.,}  are  the  latitudes  of  the  satellite  at  times  tj,  and  t,,,  respectively.  The  parameter  0  ,  the  earth 
central  angle,  is  given  by 


a  cos  *  )  sin  L.  sin  L„  +  cos  L.  cos  I.„  cos  I  X  -  X 


2  1 


(23) 


where  X  and  Xg  are  the  longitudes  of  the  satellite  at  times  t^  and  t^,  respectively.  It  is  noted  that  the  angle  0  in 
Equations  (22)  and  (23)  is  identical  to  that  in  Equation  (19). 
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2.2  TROPOSPHERIC  EFFECTS 

As  indicated  in  Equation  (17),  the  angle,  AE’s,  is  a  function  of  nQ,  the  refractive  index  at  the  earth's  surface 
and  A  K,  the  angular  deviation,  i.  e.  ,  the  elevation  angle  error. 

The  tro|x>spheric  index  of  refraction,  n,  can  be  expressed  in  terms  of  the  functions 
N  (n  -  l)  x  lo6  (24) 

and 


where  N  is  the  refractivity,  T  is  the  air  temperature  (  K),  p  is  the  total  pressure  (mb)  and  c  is  the  partial  pressure 
of  water  vapor  (mb).  According  to  Smith  and  Weintraub  (1953),  the  constants,  a  and  b,  are  77. (S'1  K/mb  and 
4610  K,  respectively. 

It  should  be  noted  that  the  above  expression  for  the  refractivity  of  air  is  independent  of  frequency  in  the  100- 
to  30,  Oon-MHz  range.  The  first  term  in  Equation  (25),  ap/T,  applies  to  both  optical  and  radio  frequencies,  and  is 
often  referred  to  as  the  dry  term.  The  second  term,  abe/T2  ,  which  is  the  wet  term,  is  the  water  vapor  relationship 
required  only  at  radio  frequencies. 

The  tropospheric  angular  deviations  used  in  the  A  Eg  estimation  were  determined  by  the  stratified  layer  method 

iMillman,  195S).  The  basic  assumption  which  this  mathematical  approach  embodies  is  that  the  atmosphere  is  con¬ 
sidered  to  be*  stratified  into  spherical  layers  with  a  constant  refractive  index  in  each  layer. 

Since  the  refractive  index  is  independent  of  frequency,  the  tropospheric  elevation  angle  errors  are  also  fre¬ 
quency  independent. 

The  index  of  refraction  model  used  in  the  computations  was  the  CRPL  Reference  Refractivity  Atmosphere  - 
1958.  As  described  by  Bean  and  Dutton  (1900),  the  refractivity  model  is  given  by 

N(h)  N  +■  ( h-hQ)  AN  (26) 

wht  rc  N'o  is  the  surface  refractivity  and  hQ  is  surface  height  above  mean-sea-level.  This  expression  is  valid  for 

h  ■  h  -  (h  *  1)  km.  The  parameter,  AN,  is  defined  by 
oo 


N  -7.  32  exp  ft).  005577  Nj 

for  the  region  defined  by  (hQ  +  l)  •  h  '  9  km,  the  refractivity  decays  as 


N(h)  Nj  exp 


■  (h  -  h0  -  1^  ' 


(27) 


(28) 


where  Nj  is  the  value  of  N  at  1  km  above  the  surface  and 


1°B„ 


(29) 


Above  9-km  altitude,  the  exponential  decay  is  of  the  form 


N(h)  105  exp  -it.  1424  jh  -  9)  j  (30) 

It  is  seen  that,  at  an  altitude  of  30  km,  the  refractivity  decreases  to  a  value  of  approximately  5  N-units. 

2.3  IONOSPHERIC  EFFECTS 

The  A  K  term  specified  in  Equation  (17)  is  also  a  function  of  the  index  of  refraction  at  the  satellite  altitude,  in 
addition  to  the  elevation  angle  error  introduced  by  the  ionosphere. 

The  index  of  refraction  in  the  ionosphere  can  be  expressed  by  the  relationship 
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where  w’N  is  the  angular  plasma  frequency  of  the  medium  (rad/sec),  N  is  the  electron  density  (electrons/m  ),  e  is 

W  -19  ^-31 

the  electron  charge  (1.6  x  10  C),  m  is  the  election  mass  (9. 1  x  10  kg),  *  is  the  electric  permittivity  of  free 

-9  e  0 

space  (10  /36  ^  I'/m)  and  u>  (  2rf)  is  the  angular  frequency  of  the  incident  wave  (rad/sec). 

It  is  noted  that  the  ionospheric  refractive  index  is  also  a  function  of  both  the  electron  collision  frequency  and 
the  earth's  magnetic  field.  For  frequencies  on  the  order  of  10  MHz  and  above,  and  at  altitudes  greater  than  80  km, 
the  effect  of  the  collision  frequency  term  on  the  index  of  refraction  is  negligible  (Davies,  1965). 

The  electron  density  at  the  peak  of  the  F2  layer  which  is  generally  at  an  altitude  on  the  order  of  300-350  km, 
could  attain  a  value  as  high  as  3  x  1012  electrons/m^.  For  this  condition,  the  index  of  refraction  at  100  MHz  evaluates 
to  0.9987.  The  ionospheric  refractive  index  tends  toward  unity  as  the  electron  density  decreases  and  as  the  fre¬ 
quency  increases.  In  other  words,  it  is  valid  to  assume  that,  above  100  MHz,  the  index  of  refraction  at  the  satellite 
altitude  can  be  neglected  in  the  A  Eg  computations. 

The  elevatior  angle  error  imposed  by  the  ionosphere  can  be  expressed  in  terms  of  the  range  error,  AR,  by 
the  function  (Millman  and  Reinsmith,  1974) 

/R  +  r  sin  E  )  r  cos  E  .  _ 


[hi  (2  r0+hi)  +  (ro  Sin  Fof  ] 


where  R  is  the  range  to  the  satellite,  Eq  is  the  apparent  elevation  angle  of  the  satellite  and  h.  is  the  altitude  at  which 

the  median  electron  content,  i.e.,  integrated  electron  density,  along  the  ray  path  occurs.  The  altitude  applicable 
to  h.  is,  for  the  most  part,  between  approximately  300  and  450  km.  For  the  calculations  presented  in  this  paper,  a 

value  of  400  km  is  assumed  for  h.. 

l 

For  high  elevation  angles,  i.e. ,  rQ  sin  Eq  >  R,  the  angular  error  simplifies  to 

AE  *  cot  Eq  (33) 

For  low  elevation  angles  and  long  ranges,  i.e.  ,  R  >  rQ  sin  Eo,  Equation  (32)  reduces  to 


The  range  error,  i.e. ,  the  increase  in  path  length,  due  to  the  ionosphere  can  be  defined  by  (Millman,  1980) 


a 

2  r 

* 

m  I  I 

o  e  J  n 


Ne ds  =  — r - r 

8tt  r  m  c 

0  °  e 


sec  y  X 


where  ds  is  the  differential  distance  along  the  transmission  path,  X't  is  the  electron  content,  i.e.  the  integrated 
electron  density  in  a  vertical  column  up  to  the  satellite  altitude,  and  y  is  the  angle  between  the  ray  path  and  the  zenith. 

The  parameter,  sec  y,  which  is  the  obliquity  factor  accounting  for  the  slant  path  geometry,  is  given  by 


j(ro  ‘  h)  2  -  [rocos  (Eo'AK)]! 


It  is  noted  that  the  angle  y  in  this  expression  is  similar  to  that  defined  by  Equation  (18).  In  evaluating 
Equations  (35)  and  (36),  an  average  value  for  sec  y  is  assumed  where  h  400  km  and  A  E  0. 

An  examination  of  Equations  (32)  and  (35)  reveals  that  the  ionospheric  refraction  -  elevation  angle  errors 
are  inversely  proportional  to  the  frequency  squared,  and  directly  proportional  to  the  electron  content. 


The  presence  of  the  ionosphere,  in  addition  to  im|)OSing  an  error  in  the  Doppler  frequency  shift  by  virtue  of  the 
refractive  bending  of  the  ray  path,  introduces  a  perturbation  in  the  observed  frequency.  Since  the  frequency  of  a  wave 


is  related  to  the  time  derivative  of  the  phase  or  phase  path  length,  it  can  be  readily  shown  that  the  nonrelativistic 
Doppler  frequency  shift,  fj,  in  the  ionosphere  can  be  described  by  the  relationship  (Millman,  1980) 


f  ds 
d  ~  c  dt 

-'o 


The  first  term  in  Equation  (37)  describes  the  Doppler  frequency  shift  for  an  object  moving  in  free  space  and  is 
identical  to  Equation  (1).  The  second  term  basically  defines  the  frequency  shift  imposed  by  the  ionosphere.  It  is  seen 
that  the  Doppler  shift  is  a  function  of  the  time  derivative  of  the  electron  content  along  the  propagation  path  to  the  ob¬ 
ject  and  is  inversely  proportional  to  the  frequency. 

3.  DISCUSSION 

3.  1  ORBITAL  TRAJECTORIES 

For  this  analysis,  the  propagation  effects  on  the  Doppler  shift  of  satellite  transmissions  were  determined  on 
the  assumption  that  the  receiving  system  was  located  at  Boston,  Massachusetts  (42.  5°N,  289°E). 

It  was  assumed  that  a  satellite  was  traversing  (1)  a  circular  polar  orbit  at  an  altitude  of  500  km  and  1000  km 
and  (2)  an  elliptical  polar  orbit  with  an  eccentricity  of  0.379,  an  apogee  of  10,  000  km  and  a  perigee  of  1000  km.  The 
projection  on  the  earth’s  surface  of  the  perigee  point  coincided  approximately  with  the  geographic  latitude  of  Boston. 

In  addition,  a  satellite  was  assumed  to  be  in  a  geosynchronous  orbit  (at  35.  870-km  altitude)  with  an  8°  inclina¬ 
tion  and  stationed  at  265.  5°E  longitude,  midway  between  Boston  and  Los  Angeles  (34°N,  242° E). 

The  ground  tracks  of  a  satellite  in  a  geosynchronous  orbit  and  in  a  circular  polar  orbit  at  an  altitude  of  1000  km 
are  shown  in  Figure  6.  The  five  passes  of  the  elliptical  polar  orbit  evaluated  in  this  paper  were  approximately  iden¬ 
tical  to  the  circular  polar  orbit  illustrated  in  Figure  6.  For  the  500-km  altitude  circular  polar  orbit,  the  equatorial 
crossing  of  the  satellite,  i.e.,  longitude  of  the  ascending  node  (LAN),  occurred  at  269°E,  279°E,  289°E,  299°E  and 
309'E.  The  longitude  of  the  ascending  node  of  289°E  corresponds  to  the  longitude  of  Boston. 

The  elevation  angle  as  observed  from  Boston  for  a  satellite  in  a  circular  polar  orbit  at  an  altitude  of  1000  km 
is  shown  in  Figure  7.  Although  the  satellite  crossed  the  equator  at  the  same  longitude  of  Boston,  the  maximum  ele¬ 
vation  angle  is  on  the  order  of  only  73°,  mainly  because  of  the  earth's  rotation. 

Figure  8  is  a  plot  of  the  elevation  angle,  as  observed  from  Boston  and  Los  Angeles,  for  a  satellite  at  geo¬ 
synchronous  altitude.  For  Boston,  the  elevation  angle  of  the  satellite  varies  between  approximately  28°  and  43°, 
while  for  Los  Angeles,  the  angle  varies  between  36°  and  51°.  The  difference  in  the  elevation  angles  is  attributed  to 
the  difference  in  the  latitudes  of  two  locations. 

The  Doppler  frequency  shift  at  a  frequency  of  100  MHz  as  observed  from  Boston  for  a  satellite  in  a  1000-km 
altitude  circular  polar  orbit  and  in  an  elliptical  polar  orbit  are  presented  in  Figures  9  and  10,  respectively.  The 
Doppler  shift  is  a  maximum  for  a  satellite  with  a  LAN  of  289°E  and  a  minimum  with  a  LAN  of  259°E.  When  neglecting 
the  effects  of  the  propagation  media,  the  maximum  Doppler  shift  is  on  the  order  of  2118  Hz  for  the  circular  orbit,  as 
compared  to  about  2520  Ilz  for  the  elliptical  orbit. 

It  is  seen  that  the  Doppler  shift  is  positive  for  a  satellite  approaching  Boston  and  negative  as  it  recedes  from 
Boston.  Zero  Doppler  occurs  at  the  point  of  closest  approach.  For  a  satellite  in  a  circular  polar  orbit  at  500-km 
altitude,  the  maximum  Doppler  shift  at  100-MHz  frequency  evaluates  to  2354  Hz  as  compared  to  2118  Hz  for  a  satel¬ 
lite  at  an  altitude  of  1000  km.  It  is  noted  that  at  100  MHz,  the  maximum  Doppler  frequency  shift  of  transmissions 
from  the  satellite  in  the  geosynchronous  orbit  is  about  17  Hz. 

3.2  TROPOSPHERIC  EFFECTS 

According  to  Equations  (16),  (17)  and  (18),  the  Doppler  frequency  error  is  a  function  of  AE,  the  ground  eleva¬ 
tion  angle  error  induced  by  the  refraction  phenomenon.  The  parameter,  AE,  for  an  altitude  of  1000  km  is  presented 
in  Figure  11  as  a  function  of  surface  refractivity  and  elevation  angle.  It  is  evident  that  the  angular  bending  error  in¬ 
creases  with  increasing  surface  refractivity  and  with  decreasing  elevation  angle. 

It  s  noted  that  the  elevation  angle  error  is  also  a  function  of  altitude.  At  1°  elevation  angle  and  a  surface 
refractivity  of  320  N-units,  AE  evaluates  to  8.  06,  8.  22  and  8.  53  mrnd  at  500  km,  1000  km  and  geosynchronous  alti¬ 
tude,  respectively.  The  effect  of  altitude  on  the  magnitude  of  AE  diminishes  as  the  elevation  angle  increases.  For 
example,  at  15  elevation  angle,  the  value  of  AE  at  the  three  altitudes  approaches  1.15,  1.16,  and  1.17  mrad, 
respectively. 

Figure  12  depicts  the  tropospheric  Doppler  error  at  lOo  MHz  for  the  1000-km  circular  polar  orbit.  The 
Doppler  error  is  about  0.50  Ilz  for  a  surface  refractivity  of  320  N-units  and  increases  to  about  0.67  Hz  for  a  surface 
refract  vity  of  ton  N-units.  At  1«  ('.Hz,  the  Doppler  error  would  increase  to  50  and  67  Hz,  respectively. 

The  interesting  feature  to  note  in  Figure  12  is  that  the  Doppler  error  is  a  maximum  at  the  two  extremes  of  the 
orbital  pass.  According  to  Figure  7,  this  corresponds  to  the  lowest  elevation  angle.  An  examination  of  Figures  7 
and  12  also  reveals  that,  as  the  elevation  angle  increases,  the  Doppler  error  decreases,  and  that  the  error  is  less 
ihaii  O.  1  11/  for  elevation  angles  greater  than  about  25  . 


The  effect  of  satellite  altitude  on  the  Doppler  error  is  demonstrated  in  Figure  13.  It  is  clearly  evident  that, 
for  a  given  elevation  angle,  the  error  varies  inversely  with  altitude.  The  disclosure  that  the  altitude  -  Doppler  error 
inverse  relationship  also  applies  to  the  elliptical  orbit  is  unexpected,  it  was  anticipated  that  the  Doppler  error  would 
follow  in  the  same  manner  as  the  data  in  Figures  9  and  10.  That  is,  a  satellite  in  an  extreme  elliptical  orbit  imparts 
a  greater  Doppler  frequency  shift  than  one  in  an  1000-km  altitude  circular  orbit. 
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With  regard  to  the  geosynchronous  orbit,  the  maximum  Doppler  error  at  100  MHz  is  approximately  1.  2  x  10 
Hz  for  a  surface  refractivity  of  320  N-units. 

3.3  IONOSPHERIC  EFFECTS 

The  ionospheric  refraction  angle  error,  used  in  this  analysis,  is  shown  in  Figure  14.  The  calculations  are 
based  on  a  frequency  100  MHz  and  a  vertical  electron  content  of  1018  electrons/m2.  An  interesting  feature  of  this 
plot  is  that,  at  a  constant  altitude  of  1000  km,  the  error  increases  with  elevation  angle,  attaining  a  maximum  value 
of  8.3  mrad  at  about  5°.  In  the  case  of  the  troposphere,  however,  the  elevation  angle  error  monotonically  decreases 
with  elevation  angle  as  indicated  in  Figure  11. 

Figure  15  is  a  plot  of  the  Doppler  error  at  100  MHz  that  occurs  when  ionospheric  refraction  effects  are  taken 
into  account.  The  calculations  apply  to  a  satellite  in  a  circular  polar  orbit  at  1000-km  altitude.  It  is  of  interest  to 
note  that  the  error  varies  cyclically  as  the  satellite  traverses  its  orbital  pass.  This  is  in  contrast  to  Figures  12  and 
13  which  depict  the  Doppler  errors  induced  by  the  troposphere. 

As  shown  in  Figure  15,  for  a  LAN  of  289°E,  the  Doppler  error  maximizes  at  a  relative  time  of  approximately 
280  and  740  sec  which,  according  to  Figure  7,  correspond  to  an  elevation  angle  of  about  25°.  It  is  evident  that  the 
elevation  angle  at  which  the  maximum  Doppler  error  occurs  is  dependent  on  the  LAN  of  the  orbital  pass.  It  can  be 
readily  deduced  that,  for  an  LAN  of  259°E  and  319°E,  the  elevation  angles  of  the  maximum  Doppler  error  are  about 
5'  and  9’,  respectively. 

The  ionospheric  Doppler  frequency  errors  for  a  satellite  in  an  elliptical  polar  orbit,  illustrated  in  Figure  16, 
are  less  than  those  of  a  satellite  in  a  circular  polar  orbit  shown  in  Figure  15.  These  results  are  in  agreement  with 
the  tropospheric  data  presented  in  Figure  13. 
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For  the  geosynchronous  orbit,  the  maximum  Doppler  error  at  100  MHz  is  on  the  order  of  2  x  10  Hz,  the 
calculations  being  based  on  an  electron  content  of  1018  electrons/m2. 

The  effect  of  a  change  in  frequency  and  electron  content  on  the  Doppler  error  is  illustrated  in  Figure  17.  It 
is  seen  that,  when  the  frequency  is  decreased  to  50  MHz,  the  Doppler  error  increases  by  a  value  ranging  between 
1. 5  and  2.  The  variation  is  a  function  of  the  elevation  angle,  the  maximum  taking  place  in  the  vicinity  of  the  point  of 
closest  approach. 

When  the  electron  content  is  increased  by  an  order  of  magnitude,  there  is  an  increase  in  the  Doppler  error  by 
a  factor  of  5  to  10.  The  range  of  values  is  also  attributed  to  the  elevation  angle  dependency. 

It  is  noted  that,  for  a  satellite  in  a  circular  polar  orbit  at  an  altitude  of  1000  km,  the  maximum  ionospheric 
Doppler  error  at  100  MHz  is  a  factor  of  about  15  larger  than  that  due  in  the  troposphere.  At  a  frequency  of  1000  MHz, 
the  ratio  of  the  two  contributions  reduces  to  0. 15.  The  reduction  is  due  to  the  fact  that  the  tropospheric  Doppler  error 
is  directly  proportional  to  frequency,  and  that  the  ionospheric  error  is  approximately  inversely  proportional  to 
frequency. 

The  frequency  shift  resulting  from  a  change  in  the  vertical  electron  content  along  the  satellite  orbit,  as  des¬ 
cribed  in  Equation  (37),  is  not  considered  in  detail  in  this  paper.  However,  it  is  estimated  that,  in  the  presence  of  a 
traveling  ionospheric  disturbance  (TID)  which  is  a  large-scale  electron-density  perturbation  in  the  F-region  of  the 
ionosphere,  a  Doppler  shift  perturbation  of  0.  14  Hz  could  occur  at  a  frequency  of  100  MHz  (Millman,  1980).  The  cal¬ 
culations  are  based  on  an  ambient  electron  content  of  10^8  electrons/m2  and  on  a  TID  with  a  horizontal  velocity  of 
200  m/sec,  a  dimension  of  150  km  and  a  modulation  of  2r!  on  the  ambient  electron  content. 

4.  CONCLUSIONS 

I  he  refraction  phenomenon  in  the  troposphere  and  the  ionosphere  introduces  an  error  in  the  Doppler  frequency 
shift  of  satellite  transmissions. 

The  Doppler  error  imposed  bv  the  troposphere  is  directly  proportional  to  frequency  while,  in  the  case  of  the 
ionosphere,  the  error  is  approximately  inversely  proportional  to  the  frequency  and  approximately  directly  proportional 
to  the  vertical  electron  content. 

Under  average  tropospheric  and  ionospheric  conditions,  i.e.,  surface  refractivity  equal  to  320  N-units  and 
LB  2 

electron  content  equal  to  10  electrons/m  ,  the  tropospheric  contribution  to  the  Doppler  error  is  predominant  for 
frequencies  on  the  order  of  400  MHz  and  above.  Below  about  400  MHz,  the  ionospheric  refraction  effects  are 
prevalent. 

The  Doppler  effects  can  be  compensated  for,  to  some  extent,  when  the  angular  bending  and  the  space  vehicle 
velocity  are  known.  Estimates  of  the  angular  bending  due  to  the  troposphere  can  be  made  to  a  fair  degree  of  accuracy, 
from  measurements  of  the  surface  refractivity.  For  the  ionosphere,  the  vertical  electron  content  data  can  be  used 
for  the  estimation  of  the  refraction  angle  error. 
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Figure  1.  Satellite  Velocity  Geometry 
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Figure  2.  Deviation  of  Bay  Path  at  Space  Vehicle  Position 
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Figure  3.  Orientation  of  Satellite  Velocity  Vector  with  Respect  to  the  Zenith 
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Figure  4.  Satellite  and  Observation  Site  Geometry 
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Figure  5.  Bearing  of  the  Satellite  Orbital  V'elocity  Vector 


Figure  n.  Ground  T  racks  of  a  Satellite  at  Geosynchronous  Altitude  and  in 
a  Circular  I’olar  Orbit  at  an  Altitude  of  lotto  km 
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Figure  7.  Elevation  Angle  as  Observed  from  Boston  for  a 
Satellite  in  a  Circular  Polar  Orbit 


Figure  8.  Elevation  Angle  as  Observed  from  Boston  and  Los  Angeles 
for  a  Satellite  at  Geosynchronous  Altitude 


Figure  9.  Doppler  Frequency  Shift  at  100  MHz  as  Observed  from  Boston 
for  a  Satellite  in  a  Circular  Polar  Orbit 
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figure  In.  Doppler  frequency  Shift  at  loo  MHz  as  Observed  from  Boston 
for  a  Satellite  in  an  Elliptical  Polar  Orbit 


figure  11.  Tropospheric  Elevation  Angle  Error  at  1000-Ion  Altitude  Based  on 
C'RPI  Reference  Atmosphere  -  1058 
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;u if  13.  Tropospheric  Doppler  Frequency  Error  at  100  MHz  as  Observed 
from  Boston  for  a  Satellite  in  Circular  and  Elliptical  Polar  Orbits 


14.  Ionospheric  Elevation  Angle  Error  at  1000-km  Altitude,  100  Mllz 


Figure  la.  Ionospheric  Doppler  Frequency  Error  at  loo  Mil/  as  Observed 
from  Boston  foi  a  Satellite  in  a  Circular  Polar  Orbit 
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Figure  IT.  Ratio  ol  Ionospheric  Doppler  F  requency  Krror  as  Observed 
from  Boston  for  a  Satellite  in  a  Circular  Polar  Orbit. 
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DISC  l  SSION 


I  Bertel.  l  i 

\  ous  nous  a\ez  prcsente  unc  figure  1 4  monirnnl  I'erieur  sin  I  angle  delevation  cm  lonclion  do  I'anglc  apparent 
dclcxation  ct  stir  ccttc  figure  nous  constatons  cgu'il  y  a  tin  maximum  a  peu  pres  pour  1 0”. 

(  omment  pou\e/-\otis  expliquer  phvsiquement  ce  maximum  et  a\cz-vous  tine  raison  qui  permet  d'interpreter  eeUe 
eourhe? 

Cuthor’x  Reply 

\\  hat  tie  think  is  the  horizon  in  the  ionosphere  is  actually  about  5"  higher  than  we  think  it  is.  This  is  one  ot  the  factors 
u  Inch  enters  into  maximizing  errors  at  that  particular  elevation  angle. 
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INTRODUCTION 

Laris  cette  communication,  nous  presentons  les  methodes  de  determination  des  parametres  qui 
permettent  la  prediction  de  la  qualite  des  liaisons  hertziennes  a  diffusion  tropospherique  et  a  vue 

di recte. 

La  premiere  partie  traite  des  faisceaux  hertziens  a  diffusion  tropospherique.  A  partir  des 
experimentations  faites  par  rH0MS0N  -  CSF ,  on  determine  la  bande  de  coherence,  parametre  essentiel 
de  la  transmission  numerique  par  diffusion  tropospherique. 

La  seconde  partie  traite,  dans  les  faisceaux  hertziens  a  vue  directe,  des  effets  des  troubles 
de  la  propagation  tant  du  point  de  vue  de  la  depolarisation  que  des  evanouissements  selectifs. 

On  presente  des  resultats  experimentaux  permettant  de  chiffrer  la  sens i bi 1 i te  des  materiels  et 
oartant  de  uredire  la  qualite  des  liaisons. 

LES  LIAISONS  PAR  DIFFUSION  TROPOSPHERIQUE 

La  figure  n  1  represente  une  liaison  par  diffusion  tropospherique. 

Elle  es  t  caracteri  see  par  Tangle  de  diffusion  0  ,  Tangle  de  site  emission  ,  Tangle 
de  site  reception  r,  Tangle  d'ouverture  des  antennes  (X  et  Re  rayon  radioelectrique  de  la  terre 
(4/3  Ro),  d  est  la  distance  entre  antennes. 

CALCUL  DE  LA  VALEUR  MEDIANS  ANNUELLE  DE  L ' AFFA I BL I SSEMENT  DE  TRANSMISSION 

Le  rapport  238.?  du  CCIR  donne  une  fcrmule  permettant  le  calcul  de  cette  valeur  (NBS  1967) 

L  (50)  =  30  log  f  -  20  log  d  +  F  (0  d)  -  Gp  -  V  (de)  dB 

avec  f  =  frequence  en  megahertz 

La  distance  angulaire9  (en  radian)  est  Tangle  forme  par  les  rayons  a  Thorizon  radioelec¬ 
trique  dans  le  plan  du  grand  cercle  qui  contient  les  antennes  et  pour  les  conditions  atmospheriques 
r  f'di  anes . 

d  est  la  distance  entre  les  antennes  en  km 

Gp  est  le  gain  effectif  total  des  antennes  en  propagation  tropospherique 


Ge  +  Gr  -  Lgp 


V(de)  est  un  facteur  de  correction  qui ,  en  fonction  de  la  distance  equivalente  de,  tient 
conipte  des  divers  types  de  climat. 

Des  abaques  compl ementai res  permettent,  a  partir  de  la  valeur  niediane  annuel  le  ainsi  calculee, 
de  determiner  1' affaibl issement  de  la  transmission  pour  d'autres  pourcentages  du  temps. 


LARGEUR  DE  BANDE  TRANSMISSIBLE 


Les  diverses  heterogenei tes  qui  produisent  la  propagation  par  diffusion  creent  autant 
de  trajets  de  propagation  differents,  variables  en  nombre  et  en  temps  de  transmission. 

Si  l'emetteur  transmet  un  signal  de  la  forme  : 

a  o  =  Ao  sin  (<jJ ot  +  'f  o) 

le  signal  regu  sera  alors  de  la  forme  : 

a  =  A  (t)  sinj^uUo  (t  +  T  (t))+  "f  o 

A  (t)  represente  un  terme  de  modulation  d'amplitude  e t Ui o  T(t)  un  terme  de  modulation  de 
phase . 

Ce  sont  les  variations  rapides  de  ces  deux  termes  qui  determinent  la  selectivity  du  conduit 
par  diffusion  tropospherique  et  qui  limitent  la  capacity  de  transmission  numyrique. 

La  selectivity  est  determinee  par  la  bande  de  coherence  qui  est,  par  definition,  l'ecart 
eri  frequence  de  deux  porteuses  dont  les  amplitudes  des  champs  ont  un  coefficient  d'autocorrelation 

de  0,4. 


EVALUATION  EXPER IMENTALE  DE  LA  SELECTI VI TE  D'UNE  LIAISON  PAR  DIFFUSION  TROPOSPHERIQUE 

Le  tableau  de  la  figure  n”  2  resume  les  experimentations  faites  par  TH0MS0N-CSF  sur 
15  liaisons  a  diffusion  tropospherique . 

Pour  chacune  des  liaisons,  numerotees  de  1  a  15,  on  a  indique  la  distance,  la  frequence, 

I ‘angle  de  site  et  la  baisse  de  gain  d'antenne  en  diffusion  tropospherique. 

La  bande  de  coherence  indiquee  est  la  valeur  mediane  :  valeur  depassee  pendant  plus  de  50  ’ 

du  temps . 


D'autres  experimentations  ont  ete  faites  sur  une  liaison  dont  les  caracteristiques  sont  les 

",  ui  van  tes  : 


-  distance  gr-ographique 

-  angle  de  site 

cmi ss ion 
reception 

-  puissance  omise 

-  frequence 

-  di a met re  des  antennes 

emi ss i on 


134,3  km 


-  1 ,6  mrd 

-  0,5  mrd 
1  kW 

6  375  MHz 


reception 


3,6  m 
3  m 


A  l'aide  d'un  apparei 1  de  mesures  du  type  Analyseur  de  faisccaux  hertziens  '  ,  on  a  fait 
un  enregi s trement  ci nematographi  que  de  la  modulation  d'amplitude  et  de  la  distorsion  du  temps  de 
propagation  de  groupe. 

On  a  pu  ainsi,  en  temps  reel,  visualiser  la  bande  de  coherence. 

La  figure  n'  3  represente  quelques-unes  des  imaqes  les  plus  caracteristiques .  Le  decalage 
de  10  ms  entre  deux  traces  consecutives  permet  d'imaginer,  sur  ces  imaqes  fixes,  les  vitesses 
de  variation. 

On  notera  que  les  variations  rapides  des  evanouissements  selectifs  peuvent  atteindre  des 
amplitudes  de  35  dB  en  150  ms  et  que  la  distorsion  du  temps  de  propagation  de  qroupe  est  negative 
ou  positive. 

Ces  remarques  sont  importantes  pour  la  conception  des  modulateurs  -  demodul ateurs 
auto-adaptati  fs . 


EVALUATION  EMPIRIQUE  DE  LA  BANDE  DE  COHERENCE 

La  compilation  des  resultats  des  experimentations  ont  permis  de  degager  des  formules 
empiriques  donnant  : 

-  la  valeur  mediane  de  la  bande  de  coherence  B  ^  ,, 

-  1 1  ecart  type  b 

a  _  9.87  L  gp 

50  *•  "  "TeT2"!"05 

*50  r  _ 

B84  ,  {6d)0’17 

avec  les  conditions  de  validite  suivante  : 


135 

< 

d 

< 

270  1 

0,9 

< 

f 

< 

7,6  ( 

1,7 

< 

8d 

< 

11 

Lgp 

0,4  f 

Climat  continental  tempere 
Co  indice  320 

Altitude  des  terminaux  <  200  m 

Les  formules  proposees  conduisent  a  des  resultats  s'ecarta't  de  moins  de  1  dB  des  valeurs 


re  1  eve er 


PREDICTION  DE  LA  BANDE  DE  COHERENCE  DEPASSEE  PENDANT  X  7  DU  TEMPS 


On  l'obtient  en  supposant  une  distribution  Ijg.  normale 


ux 


G  (x) 


ou  encore 


Bx 


9,87  L  qp 

f92  d1-65 


(0d) 


0,17 


1 ,883 


G  (X) 


avec 


X  1  10 

50 

90 

99 

1  99,9 

I 

G  (X)  -2,326  -1,286 

0 

1,286 

1  2,326 

3,1 

ou  encore 


BC  MIN  )  x 


L  gp 


x 


id 
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La  courbe  de  la  figure  n°  4  donne  les  variations  de  Bj.  (X  )  en  fonction  de  la  distance 
et  pour  differcntes  valeurs  de  X. 

La  courbe  de  la  figure  n°  5  donne  les  variations  du  terme  correctif  correspondant  a 
1' accroi ssement  de  la  bande  de  coherence  du  a  la  baisse  de  gain  d'antenne.  On  a  pris  en  compte 
plusieurs  valeurs  du  diametre  des  antennes. 

Ixemple  d'uti lisation  des  courbes 

Hypotheses  : 


une  liaison  de  d  =  200  km  a  f  =  4,7  GHz 
diametre  des  antennes  f  =  8  n 
angles  de  site  nuls 

Determiner  la  bande  de  coherence  depassee  a  99  du  temps  Bgg 

4  7 

lie  la  courbe  r  9 ,  on  trouve  :  L  gp  *  j  =  9,9 

To  la  courbe  n  4,  on  determine  :  Bj-  (99  )  =  0,26:  MHz 

('application  de  la  forwule  prOcedente  donne  alors  : 

Bgg  =  9,9  x  0,269  -  2,9  MHz 

p'autres  presentations  peuvent  etre  faites.  Elies  consistent,  par  exemple,  a  determiner 
la  bande  de  coherence  en  fnnction  de  la  frequence. 

La  figure  n  6  prend  comrie  hypot.hese  des  antennes  de  0  =  9  m  de  diametre,  la  distance 
etant  prise  comme  parametre. 


La  figure  rr  7  fai  te  pour  une  distance  de  225  km  prend  le  diametre  des  antennes  comme 
parametre . 

Ces  courbes  permettent  de  determiner  la  frequence  pour  laquelle  la  barde  de  coherence 
est  optimale. 

Pour  une  liaison  de  200  km,  faite  avec  des  antennes  de  0  =  5  m,  la  bande  de  coherence 
optimale  est  obtenue  pour  une  frequence  de  5  GHz. 


LES  LIAISONS  A  VUE  DIRECTE 


L'efficacite  spectrale  est  une  contrainte  essentiel  le des  faisceaux  hertziens  a  vue  directe 
Dans  les  systemes  a  longue  distance,  le  trafic  a  ecouler  necessite  des  efficacites  spectrales  de 
l'ordre  de  4  Bit/s  /  Hz.  On  est  alors  conduit  a  utiliser  des  modulations  plurivalentes  du  type 
MAQ  16  ou  meme  MAQ  64. 

Les  largeurs  de  la  bande  occupee  et  la  complexity  des  modulations  rend  la  transmission 
tres  sensible  aux  troubles  de  la  propagation. 

Trois  types  de  troubles  doivent  etre  pris  en  compte  : 

-  les  evanouissements  par  trajets  multiples  entrainant  un  accroissement  du  bruit 
thermique, 

-  la  diminution  du  decouplage  de  la  polarisation  entrainant  une  augmentation  du  niveau 
des  interferences, 

-  la  selectivity  des  evanouissements  par  trajets  multiples  entrainant  une  augmentation 
de  1 '  interference  intersymbole. 

I'est  la  connaissance  des  statistiques  d'apparition  de  ces  troubles,  qui  entraine  le 
dimensionnement  des  elements  a  mettre  en  oeuvre  pour  atteindre  la  qualite  requise  par  le  CCIR 

Avis  194. 

Pour  le  conduit  numerique  fictif  de  reference  (2500  km) 


pendant  plus  de 

pendant  plus  de 

1  d'un  mois  quelconque 

0,05  %  d'un  mois  quelconque 

T . E  .B.  i nferieur  a 

10'7 

10' 3 

ACCROISSEMENT  DU  BRUIT  THERMIQUE 


La  statistique  des  evanouissements  par  trajets  multiples  est  donnee  dans  le  rapport  338-3 


du  '<  ir. 


v  h 


Prob.  (  m^-mo)  x  mo  =  k  F' 


avec 

m  =  profondeur  de  1 1 affaibl i ssement 
F  =  frequence  de  la  porteuse  radioelectrique,  en  GHz 
D  =  longueur  du  bond  radioelectrique  en  km 

k  =  coefficient  dependant  de  la  climatologie  et  de  la  geographie 

"8 

Pour  le  Nord-Ouest  de  1 'Europe,  k  =  1,4  x  10 

A/  1 

ji  /v  3 

En  toute  rigueur,  il  faut  egalement  prendre  encompte  les  affaiblissements  supplemental' res 
dus  aux  hydrometeores ,  mais  leur  effet  est  negligeable  pour  les  frequences  inferieures  a  10  GHz. 


LE  DECOUPLAGE  DE  LA  POLARISATION 


On  a  constate  sur  le  decouplage  de  polarisation  a  distance  (X  P  D)  des  diminutions  consi¬ 
derables  par  rapport  a  sa  valeur  en  espace  libre. 

Plusieurs  interpretations  ont  ete'fournies  ;  effet  de  la  refraction,  effet  du  rayonnement 
diffus  en  provenance  du  sol  ou,  pour  les  frequences  elevees,  influence  de  la  geometrie  des  gouttes 
de  pluie. 


Line  loi  statistique  a  ete  degagee  permettant  la  prediction  de  la  valeur  de  XP 


XPD  =  o(  -  lb  M  dB 


M  est  1 ' affaibl issement  de  la  propagation 

«  est  fonction  de  la  frequence,  de  la  longueur  du  bond  et  des  antennes 
ii  est  voisin  de  1 'unite. 


La 

On 

une  loi  en 


figure  n°  8  montre  la  variation  de  <x  en  fonction  de  la  longueur  du  bond. 

distingue  deux  parties  :  une  loi  en  n®  pour  les  longueurs  inferieures  a  20  km, 
au  del  a. 


SELECTIVITE  DES  EVANOU I SSEMENTS 


La  fiqure  n°  9  issue  du  CCIR  Geneve  1 982  montre  la  dispersion  du  taux  d'erreur  sur  les  bits 
en  fonction  de  la  profondeur  des  evanoui ssements .  Elle  illustre  l'effet  des  evanoui ssements  selectifs 
par-  comparaison  avec  1 '  affai  bl  i  ssement  non  selectif. 

Pour  la  liaison  considerce  de  longueur  42,5  km,  au  debit  de  45  Mbit/s,  en  modulation  MDP  8, 
le  faux  d' interruption  oTT'^-in  ^  a  ete  de  2.10  ^  au  lieu  de  2.10  ®  escompte  pour  une  marge  de 
•  1  -IP.  f.ette  iiertp  d '  un  facteur  100  sur  la  disponibi  1  i  te  est  due  a  la  selectivity  des  evanoui sements 
par  trajets  multiples  I  ' interpretation  de  ce  resultat  est  que,  pendant  les  peri  odes  troublees, 
le  signal  re;.j  est  la  combi nai son  vectorielle  de  plusieurs  rayons  ayant  suivi  des  chemins  differents. 
;  1  en  rc-.ijlte  que  la  prinr.ipale  cause  de  degradation  est  1  '  interference  i  ntersymbole . 


MESURE  DE  LA  SENS  IB  I L I TE  DES  MATER  I  ELS  AUX  EVANOU I SSEMENTS  SELECT  I ES 


RUMMLER  a  propose  un  modele  permettant  de  comparer  entre  eux  les  performances  des  faisceaux 
hertziens  numeriques.  II  consiste  a  effectuer  en  laboratoire  la  mesure  de  la  signature. 

La  figure  n°  10  montre  le  schema  de  la  manupulation.  Entre  1 'emetteur  et  le  recepteur, 
un  jeu  de  coupleurs  permet  de  simuler  un  modele  a  deux  rayons. 

(signal  N,  signal  R  retarde  de"C) 

Le  dephaseurYo  positionne  la  frequence  de  1  'evanouissement  ;  les  attenuateurs  reglent 
l'amplitude  de  la  selectivity. 

On  releve  la  courbe  S  (f),  lieu  des  points  ou  le  taux  d'erreur  est  egal  a  1U’^. 


La  formule  suivante  donne  une  approximation  de  1 'interruption  relative  due  aux  evanouis- 
sements  selectifs 


Po,  REL. 


df 


La  figure  n5  11  montre  les  signatures  relevees  en  laboratoire  sur  quatre  materiels 


140  Mbi t/s 
140  Mbit/s 
2  x  34  Mbit/s 
34  Mbit/s 


Modulation  MAO  16 
Modulation  MDP  6 
Modulation  MDP  8 
Modulation  MDP  4 


Si  Ton  prend  comme  reference  le  temps  de  coupure  du  systeme  140  Mbit/s,  Modulation  MAQ  16 
on  trouve  : 


140 

Mbit/s 

Modulation 

MDP 

8 

Po  X 

1 

i  ,35 

34 

Mbi t/s 

Modulation 

MDP 

8 

Po  X 

1 

~T‘ 

34 

Mbi t/s 

Modulation 

MDP 

4 

Po  X 

1 

JlSPOSITIFS  MIS  EN  OEUVRE  POUR  ATTEINDRE  LES  OBJECTIFS  DE  GUALITE 


Afin  do  dininuer  les  effets  des  evanoui ssements  selectifs,  des  dispositifs  compl ementai res 
>ont  as socii s  aux  faisceaux  hertziens  numeriques  a  vue  directe.  II s  sont  d'autant  plus  nr cessai res 
iue  la  caoacite  est  e levee. 


so  sont  : 

-  ies  correcteurs  f rAquen t i el s  en  frequence  into  media  ire , 

-  le-,  •  saliseurs  tempore  Is . 

,  a  figure  n  I.'  permet  ,  a  partir  du  releve  de  la  signature,  de  chiffrer  le  gain  obtenu 
ar  Tei-iploi  de  ces  dispositifs.  I  lie  a  ete  faite  sur  un  equipement  a  140  Mbit/s  fonctionnant  en 


S-.s 


La  comparaison  des  deux  releves  permet  de  chiffrer  le  pain  a  environ  200. 

Ln  cas  de  besoin,  1'emploi  de  la  diversite  d’espace  fournit  une  amelioration  supplemental  re . 


CONCLUSION 


La  numerisation  de  1 ' information  a  transmettre  a  rendu  les  faisceaux  hertziens,  tant 
tropospheriques  que  a  vue  directe,  plus  sensibles  aux  troubles  de  la  propagation. 

La  connaissance  des  statistiques  de  ces  troubles  permettra  de  dimensionner  les  dispositifs 
a  mettre  en  oeuvre  afin  d'atteindre  les  qualites  requises.  On  utilisera,  suivant  le  besoin, 
la  diversite  d'espace  ou  de  frequence  et  des  equi  pements  auto-adaptati fs . 
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drri  Vni  !  r  i  t::  sjvi  nus'isiircrriit  s  .  I  lie  result  in/  values  are  in 
the  host  .  r  ‘  s  s  -  pi  - 1  i  r  i  /  .it  i « *  n  e  h  a  r  :ic  t  e  r  i  s  t  i  <•  s  have  he  e  n  install  eil 
ie  .>  vc  r -i  I  1  v  .i  !  ue  o  t  t  h  o  crass'  pn  lari  /.  a  t  i  on  d  i  s  o  r  i  n  i  n  a  t  i  o  n  rat  i  e 

i  n  .i  I  i‘  ■*  n  t{  i  t  i  on  <  to  bo  used  in  o  c;  ua  t  i  on  (1.11),  i  *•>  v  st  i  nat  oJ  t  r  * ' 

m  s  ::i  i  t  t  i  n  and  nsadvin  i:  an  to  nil  as  a  s  s  uni  i  .  .*  now  or  addition  ol 
'I  a  r  i  v.  .i  t  i  on  o  onponi*  n  t  s  . 

inni*  I  i  n  l  o  r  f  o  rone e 

t  ho  .  r  o  s  s  -  pn  1  a  r  i  /.  a  t  i  on  signal  is  related  to  an  equivalent. 

1  «!  i  n  L»  the  same  bit  error  ratio  as  the  power  1.  The  relation 
.■an  *«»•  mod  i  Jit*  c!  to: 

In.:  K  dB 

to  inter  t  e  ro  n  o  e  rati  o  . 

ied  ont  to  determine  the  value  of  K  over  the  BEK  ranpe  of 
*,  i  i  1  a  r  to  those  installed  in  the  18  C 11  z  links.  As  t  h  e  r  e  1  a  t  i  o  n 

i  i  t-  r  to  thermal  noise  power  ratio  is  known,  the  value  of  K  ran 

the  hi:1-’  witli  (  i  I  )  as  a  parameter.  The  results  of  these 
in  f  i  i*  u  r  o  1 '  and  show  values  of  K  less  than  1  .  A  value  o  J  K 

t.  ••  he  a  pp  r  pr  i  a  t  o  for  the  analysis  further  on. 


;  t  i  mu  t  !i  events  the  as  sumo  t  ion  of  flat  fade  renditions  is  no 
no  mv  r  !•  s  e  a  severe  degradation  of  the  perform  a  nee  of  hi  el: 

v  '  J  i  ins  .  However,  this  degradation  is  exported  to  be  less 
r  .  i  .!  t  i  vi-  !  v  inert  path  I  e  n  r  t.  h  due  to  the  limited  values  of  th» 
r  *  i  ..  r  .  <•  ti  t  a  e •;  o  ’  a  .  t  u  a  1  interest.  In  sort  ion  ’’  i 
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a  r  vo  i  •  'a-  r  v 


rfsiilii.il  >.  I  ]'  as  I'l'sor  Vf  il  (luring  n  e  n  -  1  a  d  •  1  i  .  ■  n  < 
•  s  o  to  t  ho  o  u  r  v  o  |*  r  c  d  i  *•  t  d  l>  v  o  q  ua  t  i  *■  n  '  i.  I  h  . 


tin  l :  Q  1'  I  I'M  h  N  T  !>  A  K  A M V  I  }•  K  S 

.  o  ;>  r  o  d  i  o  t  i  o  n  o  t  t  ho  o  vo  rail  s  v  s  t  otu  c  h  a  r  a  o  t  <■  r  i  s  t  i  o  s  us  i  n  y  t  h  o  t  r  i  io  »■  *  d  e  ] 

liu-od  in  sect  ion  2  ,  Lho  values  of  t  ho  relevant  o  q  u  i  pmon  t  parameters  aro  required, 
cct  icn  the  parameters  of  the  18  (III/  equipment  are  presented,  whieh  has  boon  nsei 
tin  i  o  a  t  ion  e  xpe  r  i  non  t  s  . 

■  * 1  Mbit  s  signal  to  be  transmitted  on  eaeh  radio  channel  is  formatted  liv  two 
-undent  1*0  Mbit/s  streams.  These  two  streams  are  supplied  to  the  4  PSK.  modulator 
Tent  i  a  1  one  o  d  i  n  «  e  q  u  i  p  m  e  n  t  .  Such  2  s  0  Mbit/s  si  y  n  a  1  is  tr  a  n  s  m  i  t  t  e  d  f  o  r  both 
■i  /  .it  ions  .  At  the  r  e  c  e  i  v  i  n  y.  side  t  he  her  i  z  o  n  tall  v  p  o  lari  z  e  d  s  i  e  n  a  1  is  d  e  mo  d  u  1  a  t  o  d 


■  O f  t  iie  two  140  Mbit/s  streams  is  analyzed  by  measuring  equipment.  The  vertically 
lari/ed  signal  serves  as  a  cochannel  interferer  and  may  cause  an  additional  degradation 

tiie  pe  r  t  o  mane  e  of  the  horizontally  polarized  channel,  when  the  value  of  the  XP I  is 
i  m<  ed  d  ue  to  rain  or  mu  1  t  i pa  t  h . 

■  attenuation  of  the  horizontally  and  vertically  polarized  signals  is  derived  from  the 

1  inrated  automatic  .•  a  i  n  control  voltage  (ACIC)  of  the  receiver.  So  the  attenuation  values 
[  lined  correspond  to  the  average  value  of  the  attenuation  within  the  receiver  bandwidth. 

I  Flat  fade  c h a r a c t e r i s t i c s 


ordiny  to  equation  (2.8)  an  important  parameter  to  be  known  is  the  carrier  to  thermal 

ise  power  ratio  (0  /N  .  )  during  nominal  conditions.  The  measured  values  of  this  parameter 
o  t  li  1 

*  in  TABI.K  1  for  the  paths  of  interest  in  this  paper.  The  values  are  for  the  horizontally 
1  a  r  i  z  e  d  channels,  but  for  the  vertically  polarized  channels  di fferences  less  than  0.5  d  B 
/»■  1>  e  »•  n  e  x }’  e  rii  maid. 

i  A  F.  I.  K  1  :  Radio  equipment  characteristics 
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i  '!•’  lur  f  ii  the  bit  error  ratio  (RF.R)  and  the  carrier  to  thermal  noise  power  ratio 
i  :if  ii  !■•.'  l.ilcr.iturv  experiments.  However,  for  practical  applications  it  is  more 
r  t  ■  r ::  -.neb  measurements  in  t  he  links  after  installation.  This  is  done  b  v  t  lie 
:  hi  i'  .it  ifii'i.il.  cr  at  t:i»-  receiving  side  during  nominal  c  o  n  d  i  t  i  on  s  .  In  t  h  i  s  wav 

.  ••  >■  t  w  e  i  -  n  ti:«  vain*  of  the  inserted  ,it  t  i-iiu.it  i  on  and  the  value  of  tin'  R  K  K  is 

r»s  lit-.  ■  t  t  !'•--.*•  ru-  .lsurcmcnls  appear  as  curve  a  )  in  figures  14  and  17.  Ibis 
I  I  >  1  r  ■  *  t  !  a  t  \  \  <!  **  .  h  a  r  i  <  t  *■  r  i  s  t  i  •  and  refer,  to  flat  fade  c  on  d  i  t  i  on  s  w  i  t  ho  ti  t 

’  '  *  r  f  <  r  .  -  ii  i  t-  .  In  f  i  f  ,  the  value  of  the  attenuation  corresponds  to  the 


irrif  r  to-  thermal  tumm1  newer  ratio  ( f 


i  e  1  d  a  d  e  f i  n  i  d  value 


■ -1  b  ivr  i  d  i  .ir-ft  i  r  ■■  f  I..1  r  and  a  r»*  of  t  he*  ( .asset-rain  f  vpe  .  I  In 

•  *«  -i  i  I  -  •  v<  r*  d  w  i  t  I  a  r  a  d  o'"*  t  >  provide  p  r  o  t  e  ,  t  i  on  a  v  a  i  n  s  t  we  a  t  In-  r 

f  1  «  tro'po-n-  i  *■  s  used  water  «»n  the  radome  nav  be  expected  to  produce 


At  t  i-nii.it  i  on  due  t  •>  multipath 

•  mm  ,i  l.in-.i'  .inn'iint  of  propagation  data  relative  to  attenuation  due  to  multipath  has 
,,1  U-.ti-ii  in  >i  large  n  timber  o  l  countries  ,  However,  the  prediction  of  attenuation  due 
It  ip. »th  is  not  veil  developed.  CC1U  recommends  the  following  equation  to  be  used 
,  I'M.',  Report  3  18  as  the  prediction  for  the  fraction  of  time  p(A^)  during  the  worst 
tint  .j  ile  lined  value  oj  attenuation  is  exceeded: 

-Am/!0 

p  (  Am  i  =  1  .  U  I II  f  .  (i  *  ■  ’  1  0  (3.9) 

the  frequency  f  in  GHz  and  the  path  length  d  in  km.  In  figure  h  the  measured  curve, 
served  during  a  one  year  period  in  the  19  GHz  microwave  link,  is  compared  with  the 
led  curve  according  t o  equation  (1.9).  The  correspondence  between  the  two  curves  is 


rvation*;  made  in  the  19  GHz  microwave  link  show  that  on  an  instantaneous  basis  quite 
» l'  differences  can  occur  between  the  attenuation  for  horizontal  and  v»  rtical 


p  i.  1  a  r  i  a  t  i  on  s  .  This  can  be  seen  from  figure  7  which  gives  the  90  ,  50  and  10  percentile 

H  V  H 

points  of  the  diiferential  attenuation  .‘.AM  =  Av  -  AM  as  a  function  of  the  attenuation  A^. 


1  .  l  ispersion  due  to  multipath 

.'urine  multipath  conditions  the  transfer  function  of  the  propagation  medium  is  dependent  on 
tin*  frequence.  This  frequency  dependence  of  the  amplitude  and  group  delay  with  the  RF 
bandwidth  of  wideband  digital  systems  may  cause  the  additional  degradation  of  the 
S'1  e  r  1  o  r  r.a  n  c  e  d  ue  t  o  d  i  s  tors  i  on  . 

In  g  «  •  n  e  r  a  1  ,  tiie  transfer  function  during  multipath  conditions  relates  to  the  relative 
i-plitusW*  and  time  delay  of  the  interfering  electromagnetic  waves.  For  the  maximum  time 
.  1  e ! a v  ,  the  following  expression  provides  an  estimation  f  C .  Jakes,  ICC,  19781: 

-  I  .  1  Id"'*  .  d3  ns  (3.10) 

m 

v ; ■  re  .!  i  -  the  n.ith  length  in  km.  For  path  lengths  less  than  about  15  km  the  maximum  time 
■  i  •  ■  I  .  i  v  wording  to  equation  (3.10)  will  be  less  than  about  0.5  ns. 

v.-r  i!  modi-  I  s  and  expressions  to  describe  the  multipath  transfer  function  have  been 
or-p  M’i|  it  IK,  |M'l,  Report  HR  '.  However,  no  expression  is  available,  which  relates  the 
ii  t  rrri..ti*  >  of  the  multipath  transfer  function  to  local  radio meteorological  data  or  the 


urination  due  to  multipath 


/  arena  a 


'  r  d  i  n  g  to  equation  ( 2  .  )  is  verified,  using  measured  data 

•  p  a  g at  ion  experiment.  The  results  are  in  figure  8,  where  the  90, 
of  tin-  .  o  n  (1  i  t  i  o  n  a  I  d  i  s  t  r  i  b  ti  t  i  o  n  of  A  ^  +  X  P  1  ,  a  r  e  g  i  v  e  n  a  s  a 
:•  ensured  5  0"  .  urve  is  very  close  to  the  curve  corresponding  to 
rind  that  the  majority  of  datapoints  lies  around  U 1  dR.  This 

-  >' !'  I ,  n.iv  he  applied,  if  the  received  co-  polar  power  during 

''  .  .  H 

, .  i  r  * •  t  .  ■  r  h  <  •  t  h  polarizations  i  i .  -  C  ’  . 


t<>  express  XI’O,.  or  X IM  M  as  a  function  of  the 


v  in/  e v p r  •  ■  •  •  ion  i  ^  roper 


t  o  d  b  v  C.C  1  R  C  G  I  R  ,  1  9  8  :  ,  Report  1  M  : 


(  3 .  i  n 


it  i  ire  p r  * 


t  i  i .  ■  r.  -idual  IM  during  non-  faded  conditions  and  0  relates  ~  not  clearlv 
f:u-  .  i  . . e  «*;'  '!je  .  r  -  s  -  p  o  1  i  r  i  /.  e  d  antenna  pattern.  In  figure  9  the  measured 
.  **  n  t  d  i'.  <  ■  b  t  a  i  tie  d  during  propagation  measurements  in  the  I  9  GHz  microwave 
,,nre!  .-urve  is  <<>mpnred  with  the  curve  according  t  <3  equation  (3.111  with  n  =  l) 


relates  to  the  re  duet  ion  c  o  e  t'  f  i  c  i  e  n  t  r 


The  effective  reduction  coefficient  r  ec  relates  to  the  reduction  coefficient  r  as 

off  a  v 

defined  by  equation  (3.1),  but  is  also  a  function  of  the  exponent  <  in  equation  (  1.4).  For 
values  of  \  nearly  equal  to  1,  as  appropriate  for  the  frequency  hand  concerned,  rt.  {  j-  *s 
approximated  vcrv  well  b  v  r  1  Mawira,  A I A A ,  1984  . 

The  anisotropy  of  the  rainy  propagation  medium  results  in  a  differential  attenuation  ,*A^ 
between  horizontal  and  vertical  polarization.  In  figure  3  the  measured  values  of  /.A  are 
presented  as  observed  during  25  major  rain  events  in  the  19  GHz  microwave  link.  This 
figure  gives  the  90,  50  and  10  percentile  points  of  the  conditional  cumulative 

distribution  of  .‘A,,  as  a  function  of  A 1  De  Haas,  IEE,  1983  i.  The  relation  between  .'.A0  and 

H  .  R  K 

A^  as  derived  from  the  CCIR  formula  for  polarization  scaling  '  CCTR,  1982,  Report  318  : 


is  drawn  in  figure  3  and  is  very  close  to  the  measured  507  curve. 


1.1.3  Cross-polarization  due  to  rain 


The  symmetry  condition  according  to  equation  (2.b)  is  verified,  using  measured  data 

obtained  in  the  19  GHz  propagation  experiment.  The  results  are  presented  in  figure  4, 

V  V 

w  lie  re  the  90,  5  0  and  10  percentile  points  of  the  conditional  distribution  of  A  +  XPI  are 

H  H 

given  as  a  function  of  A  +  XPI  .  The  measured  50%  curve  is  verv  close  to  the  curve 

K  K 

corresponding  to  equation  (2.6).  This  means  that  the  equality  XP!)^  =  XP I ^  may  be  applied, 
if  the  received  copolar  power  during  nominal  conditions  is  the  same  for  both  polarizations 

c:fl  =  C.v  d  RW  (3.6) 

o  o 

For  prediction  purposes  it  is  common  to  express  XPD  or  XPI,.  .  a  function  of  the 

K 

attenuation  AR.  The  following  expression  has  been  reported  Olsen  ct. ,  1978,  A&P  Japan  !  at 

f  r  e  q  u  e  n  c  y  f  (GHz): 

X1>I)R  =  0 . 0  0  5  3  o  jj  -  20  lop,  1  si  n(2Pe  )  ;  +  30  lop  f  -  23  lop  ( A  R )  <1B  (3.7) 

wlie  re  :  ,  is  the  spreading  and  9  the  effective  value  of  the  cant  inf,  anple  of  the  raindrops 
on  the  path.  CCIR  recommends  the  use  of  a  simplification  of  equation  (3.7): 

XPI>„  »  f  +30  lop  f  -  20  log  (A.,)  dB  (3.81 

K  O  K 

where  an  average  value  of  L*  of  about  15  dB  is  proposed,  with  a  lower  bound  of  dB  '  CCIR, 

1  ‘ 1  y  i  ,  Report  338!.  In  figure  5  t  li e  measured  data  are  presented  as  obtained  during 

i  r > •  p a g a t  i on  measurements  in  the  19  GHz  microwave  link.  The  measured  equ i p robab 1 e  curve  is 

‘■mpirttl  with  the  GCIR  curve  according  to  equation  (3.8)  and  the  curve  derived  from 

•  ■  q  u  1 1  i  \  >  n  *  3.7)  using  =  20  and  "  -  3  (see  section  3.1.1).  E  i  g  u  r  e  5  shows  that 

e 

equation  1.7)  forms  a  somewhat  better  fit  to  the  measured  data,  bearing  in  mind  that  the 
r  •  iilf.  •  t  he  measurements  are  of  limited  accuracy  for  attenuations  exceeding  about 


( .  .  ;  :  t  »> 1  due  t  (i  mu  1  t  i  pa  t  h 

In  ,■•■!)<•)  ■)!  ,  ;  r  >  >;*  a  g  a  t  i  ■  >  n  models  for  the  prediction  of  attenuation  anti  c ro s s - p o 1  a r  i  z a t  i on 

t  ■  mu l  t  i  y  a  t  h  are  not  based  on  detailed  r  a  d  i  ome  t  e  o  r  o  1  o  g  i  c.  a  1  data,  which  relate  to  the 
:  -  ■  i  1  h  a  r  a  i  t  «■  r  i  s  t  i  i-  s  of  the  propagation  me  d  i  um  and  the  t  «•  r  r  a  i  n  .  H  owe  ver,  t  li  e  a  n  p  1  i  c  a  t  i  on 
'  hi  -l  '  i  sac  it  v  digital  microwave  links  requires  the  nrecise  knowledge  about  the  joint 
'  t  i  f  i  ■+  *  i  i  ■;  o  i  the  relative  amplitude  and  time  d  e  I  a  v  o  f  the  interfering,  w.ives,  which  relate 
?  the  1 e  i  a  1  r  a  d i ome  t  e  o  r  o 1  «>  g i e  a  1  conditions.  Although  some  information  is  available  and 
new  research  programmes  are  underway  as  in  the  Netherlands,  one  may  not  expect  that 
s  u  f  f  i  ,  i e  n  t  1 v  d  e tailed  inf  o rma t  i on  is  a va i  1  ah  1  e  within  a  f  ew  ve  a  r s  . 


1  imite  1  period  o  i  registration  at  Nniv  rhors  (  den  Borg.  However,  the  measured  data  show  a 
tendency  that  slightly  lower  values  ot  the  point  rainfall  intensity  may  occur  in  the  area 
around  I.e  i  d  s  e  he  nd  am  i-ompared  to  those  in  the  area  around  Nederhorst  den  lierp.  . 


For  app  l  i  v'  a  t  i  on  to 
basically  d  e s  c  r  i  b e d 

r 

av 


the  predi  it io n  o  f  rain 

b  y  the  e  x  p  r  e  s  s i o n  : 
d 

t  f  Klsl.ds 
1  qJ 

R  ’  ~  ‘  d 

o 


a  t  ten u  a  t i on 


t  he  ho  r i z on  t  a  1 


structure  of  rain  is 


(3.1) 


which  is  the  ratio  of  the  rainfall  intensity,  averaged  along  a  path  of  length  d  (km),  to 
the  point  rainfall  intensity  R  (mm/hr).  Using  measured  data  from  the  two  raingauge 
networks  it  he  ids o hen dam  and  Nederhorst  den  Berg,  the  following  function  is  found  to  be 
suitable: 


R  .  d 


.  In 


R  .  d  I 
o _ 

>40 


240 


(3.2) 


fhich  is  a  very  good  approximation  to  the  measured  data  fMawira,  AIAA,  1984  ]. 


Measurements  in  the  Netherlands  have  shown  some  experimental  evidence  in  support  of  the 
haws  and  Parsons  raindrop  size  distribution  ’Keizer  et  al,  IEE,  19781.  Experiments  by  the 
Physics  Laboratory  TNG,  using  a  distrometer  at  a  location  nearby  Leidschendam,  have 
indicated  that  the  distribution  above  can  be  used  for  rainfall  intensities,  corresponding 
to  time  percentages  of  practical  interest  for  the  planning  of  most  microwave  links. 

An  important  parameter  for  the  prediction  of  cross-polarization  due  to  rain  is  the 
distribution  of  the  casting  angle,  defined  as  the  angle  by  which  the  two  orthogonal 
principal  planes  of  the  rainy  propagation  medium  are  rotated  from  the  horizontal/vertical 
planes.  Assuming  a  Gaussian  distribution  of  the  canting  angle,  the  observed  spreading  of 
the  differential  attenuation  on  a  19  GHz  microwave  link  f De  Haas,  IEE,  1983]  indicates 
that  the  spreading  of  the  canting  angle  is  about  20  degrees.  From  the  comparison  between 
simultaneously  measured  cross-polarization  for  linear  and  circular  polarization  on  a  slant 
path  to  the  OTS  satellite,  the  conclusion  has  been  drawn  that  the  effective  canting  angle 
is  about  3  degrees  ' Mawi ra,  AIAA,  1984  !. 


1.1.2  Attenuation  due  to  rain 


In  general,  the  attenuation  A  ^  due  to  rain  on  a  horizontal  path  can  be  expressed  by: 

d, 


ar  ■ 
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I  (  s  )  .  d  s 


dB 
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wlic  re 


(  s  ) 


the  distance  along  the  path  (km), 
the  specific  attenuation  (dB/km), 
the  pa  tli  length  (km). 


I  he  specific  attenuation  relates  to  the  rainfall  intensity  R(s): 
>  (  s  )  =  •  . R ( s )  ‘  dB/km 


(3.4) 


where  tin-  values  of  •  and  <  are  primarily  dependent  on  the  frequency,  polarization  and  the 
raindrop  size  distribution.  Calculated  values  of  ►  and  t  are  available  rCCIR,  1982, 

■'>■1 "  -  r  t  72  1  ,  assuming  the  Laws  and  Parsons  raindrop  size  distribution. 


!  ■ 1  r  the  p  r  e  d  i  <  t i cn  of  the  rain  attenuation  statistics  it  is  common  to  use  the  1 o  c  a  l  point 
r  lint  i 1  1  intensity  statistics  as  a  basis.  A  method  to  convert  point  rainfall  intensity 
■ t  i t  i . t  i r  s  into  rain  attenuation  statistics  is  according  to  the  effective  pathlength 

.  en  . ■  e  p  f  : 

A  =•  •  .  R  *  .  d  f  f  =  -  .  H  '  .  r  .  .  .  d  dB  (3.4) 

R  o  eft  o  off 

i  yields  as  a  s  ii  i  t  a  I)  I  e  m"  d  i  f  i  r  a  t  i  on  o  f  e  q  nation  (3.3). 
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relates  i  M:ji  1  v  to  the  value  of  XI’ I  by: 
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>  1'  '  I-  r  t  -  i  .  1  s  i  n the  .m.  u  a  l  i  vn  s  above,  equation  (2.4)  will  be  modified 
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t  h 

•  i-  re-.'-i  oi  is  valid  ter  both  polarizations  and  can  be  used  for  the  prediction  of  the 

i  r  r  : e i  t  ■ 1  inis,  ratio,  based  on  the  actual  values  of  the  equipment  and  p  r on  ag  a  t i on 

ir  i  :  ■  i  •  .  r  . 

■;  :  » t  i  on  i  .  <S  »  can  lu*  .applied  directly  to  flat  fading  conditions  as  in  the  case  of  rain, 
md  a [ s .  ■  multipath  when  distortion  effects  can  be  neglected.  In  general,  effects  of 
I;  t.  rtion  ntav  he  included  in  equation  (2.8)  by  an  extra  term  to  account  for  any 
i  :  ■!  i  t  i  o  r,  a  1  d  e  g  r  a  d  a  t  i  on  . 


.  .  PROP AG A 1  ION  PARAMETERS 


In  t he  preeeeding  section  a  transmission  model  is  discussed,  which  includes  propagation 
parameters.  For  radio  relay  systems  operating  in  the  18  GHz  band,  the  dominant  propagation 
phenomena  are  due  t o  rain  and  multipath.  Effects  due  to  gases  are  restricted  to  attenu- 
‘ '  i  ■ 1 ' '  v  •  ■  ‘  ■  :  1  .ire  less  than  about  2  dB  for  path  lengths  of  actual  interest.  Effects  due  to 
snow  >  r  i-e  i  an  he  neglected,  if  provisions  are  made  to  avoid  the  collection  of  snow  or 
. . .  t  lu-  main  disk  or  the  radome  of  the  antenna. 

1  .  1  t  f  •  ■  •  t  n  .!  ue  t  u  rain 

:  r  :  i  .*  •  i :  i  •  •  i « *  1  s  fur  the  calculation  of  attenuation  and  cross-polarization  due  to  rain 

■  '  »  *  ’•  i'  r  i  vl  i  opr  t  **o  r  o  1  o  v  i  *•  a  1  parameters,  which  relate  to  the  local  characteristics 

r '  •  ’ 1  •  ‘  ’  I  t  h«-  t  important  are  the  point  rainfall  intensity,  data  on  the 

■  '  !  If  fur.-  t  rain,  the  raindrop  size  distribution  and  the  statistics  of  the 

t  i i n d r .  p s .  For  the  accurate  calculation  of  attenuation  and  cross- 
'  •  .  •  ’  •  *  'Ui  t  i  ,i  I  that  reliable  data  of  t  lu*  s  e  rndionu1  tcorolopical  parameters 

f  i  '  »  •  ‘  a  t  i on  .  on  c  e r  n e  d  . 

'  ■  .i  i !  d  i  relative  to  rain 

f  i  . n  f  ill  l n  f  t  n  s i  l v  s  t  a  t  i s I  i »  s  a  r  e  the  basis  f  o  r  the  prediction  of  t  h  e 
‘  f  i  .  dn  wr.  the  a  v  e  r  a  c e  cumulative  distribution  of  the 

*  i  ;  f  i  :  n  <•  I  d  u  r  ;  n  c  n  •  ■  ■  u  r  «’  1  measurements  It  v  a  network  of  six 

■  ’  •  •  ■  •  ’  .  !  i  !  -  1  .  -  n  <i  .i  n  'sure  > !  1  km  ^ .» u  t  h  -  We  s  t  off  N  e  d  e  r  li  o  r  s  t  den  Berg). 

i:*  f  •  •  i  v*  r  i  c  *•  •  1 1  u  1  a  t  i  v»-  <!i  s  t  r  i  hut  ions  of  the  point  rainfall 

•  '  ”  >  I  •  !  ■  r  f  d  i  :>  her,-  d  ;  r  i  nc  the  three  ye  a  r  s  ’  n  e  r  i  od  of  the 

■  ■  ■  1  ■'  !  i  t  1  •  •  i  i : .  ■  .  •  t  : <  •  ■  i  n  t  rainfall  intensity,  adopted  hv  ('  C  1  R  for 

i  r  ■  *  •  v  *  i  1  *  •  •  .  t  1  <  r  i  u  n  d  *,  i  ,i(  t  r  i  hut  i‘d  CC1K,  I  9  8  ?  ,  Report  rt  h  3  1.  As 

•  ■  :  r "  ’  ;  .  r  *  .  r'-  •  r  •  -n  d  ••  n  •  between  the  CGI!-’  values  and  those  measured 

1  '  !  i  f  f  ,  ;  ••  •  r  ;  f  ,-  •  ■■  -  :  n  !  r  h  e  v .  i  r  1  -.  v  i  r  i  a  t  i  on  of  the  r  a  i  n  f  a  1  I  c  li  a  r  a  c  t  e  r  i  s  t  i  c  s  a  n  d 


1 


A-'  wit!  be  i!i  si-ussi-d  l  a  1 1-  r  oil,  rain  is  t  lu*  dominant  rausu  of  po  r  f  o  rtnan  c  e  impai  rnu-nt  s  duo 
to  pr.'p.i,-.at  ii'ti  o  II  »•  i- 1  s  in  short-haul  radio  re  lay  systems  ,  operat  inp  in  the  18  GHz  hand.  In 
ord*r  to  obtain  t  ho  relevant,  data  on  t  ho  local  ehararteristirs  of  rain  extensive 
experiments  have  boon  carried  out  bv  t  ho  Hr.  Noht-r  Laboratories.  Those  data  have  boon 

•’Mo.  tod  during  long  term  nieasurements  by  moans  of  rainpauge  networks,  lo.-ated  noarbv 
l.e  i  >1  s  c  he  n  d  am  and  Node  rliorst  don  Berg.  This  sot-tip  allows  data  to  ho  obtained  on  the 
st  it  is! i.-;  of  point  rainfall  intensity  and  the  horizontal  structure  of  rain  (see 
f  i  e  a  r  o  1  t  . 

.  l!v  ANSM  1  SS  ION  MODEL  FOR  THK  PREDICTION  OF  SYSTEM  PERFORMANCE 

;or  the  predi c  t i on  of  system  performance  during  fading  conditions  a  transmission  model  may 
ho  used,  which  relates  the  relevant  equipment  and  propagation  parameters  to  the  quantity, 
which  defines  the  system  performance.  For  digital  systems  the  appropriate  quantity  is  the 
hit-error-ratio  (BKR)  or,  alternatively,  the  carrier  to  noise  ratio  if  the  actual  relation 
hot  ween  the  bit-error-ratio  and  the  carrier  to  noise  ratio  is  known. 

In  this  chapter  such  transmission  model  is  developed  to  be  used  in  radio  relay  systems 
applvini*  dual  polarization  in  a  co-channel  arrangement.  It  is  well-known  that  in  such 
;  vs  toms  the  occurring  cross-polarization  phenomena  may  cause  performance  impairments  in 
addition  to  those  due  to  attenuation,  in  particular  during  rainy  and  multipath  conditions. 
So  the  total  "noisy  signal"  is  the  composite  of  the  thermal  noise,  originating  from  the 
receiver,  and  the  cross-polar  signal. 


In  general  the  characteristics  of  the  cross-polar  signal  are  not  identical  to  those  of 
thermal  noise.  However,  the  power  I  of  the  cross-polar  signal  may  be  expressed  by  an 
equivalent  thermal  noise  power  N^,  yielding  the  same  bit-error-ratio  as  the  power  I  of  the 
cross-polar  signal: 


N.  =  L  +  10  log  K  dBW 


(2.1) 


where  10  log  K  is  an  equipment  parameter.  The  value  of  this  parameter  depends  on  the 
equipment  characteristics,  including  the  modulation  scheme  applied.  Using  this  concept, 
the  total  noise  power  N  is: 


N  =  N 


th 


10  log  I 


1  0 


<N  .-Nth)  I  10 


dBW 


wiie  re  N  is  Mie  thermal  noise  power,  originating  from  the  receiver. 


(2.2) 


lhe  received  power  C  of  the  eo polar  signal  can  bo  expressed  bv: 

C  =  c:  -  A  dBW  (2.11 

() 

w  here  U  is  the  received  power  of  the  c o p  o 1  a  r  signal  during  nominal  conditions  and  A  is 
the  .t'pnl.ir  attenuation.  Combining  equation  (2.2)  and  equation  (2.1)  gives  the  carrier  to 
n  <>  i  s  «■  rati": 

,  <  /  <•  ,  T  ( N  .  -  N  .  )  /  1 0 

(  )  =  (  ---■  )  -  A  -  10  1  OR  |l  +  10  ‘  th 

‘'tii  L 

*  r  fading  -adit  ions,  where  no  dispersion  due  to  propagation  phenomena  is  encountered 
vifhin  the  K  K  bandwidth  of  L  lie  receiver. 
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th  cross-polar  signal  levels  are  expressed  in  terms  of  the  cross-polarization  isolation 
ratio  X  V  I  or  the  i  rDss-pol.iriz.it  ion  discrimination  ratio  X  V 1) ,  which  are  defined  as 
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THE  IMPACT  OF  PROPAGATION  EFFECTS 
ON  THE  DESIGN  OF  HIGH  CAPACITY 
DIGITAL  MICROWAVE  LINKS  IN  THE 
18  GHZ  FREQUENCY  BAND 

L.  v.d.  Hoek,  A.  Mawira  and  J.  Nee s sen 
Dr.  Neher  Laboratories  PTT 
St.  Paulusstraat  4  ,  Leidschendam 
The  Netherlands 


SUMMARY 


Propagation  effects  cause  performance  impairments  in  high  capacity  radio  relay  links, 
applying  dual  polarization.  A  transmission  model  is  presented,  which  allows  the  prediction 
of  system  performance  during  fading  conditions.  This  model  includes  propagation  and 
equipment  parameters,  which  values  depend  on  the  local  r a d i one t e o r o 1 o g i e a  1  environment  and 
the  actual  equipment  characteristics.  Propagation  and  communication  experiments  have  been 
carried  out  by  the  Dr.  Neher  Laboratories,  which  allow  the  prediction  of  system 
performance  in  its  operational  environment  at  frequencies  around  18  GHz.  In  particular, 
the  paper  discusses  the  effects  on  the  bit-error-ratio  as  caused  by  attenuation  and  cross¬ 
polarization  due  to  rain  and  multipath. 

1.  INTRODUCTION 

The  increasing  demand  for  radio  transmission  capacity  necessitates  the  use  of  new 
frequency  bands  such  as  the  17.7  to  19.7  GHz  band.  This  2  GHz  broad  band  is  well  suited  to 
the  operation  of  high  capacity  digital  radio  relay  links.  However,  propagation  effects  may 
impose  limitations  upon  the  implementation  of  such  links.  These  limitations  depend  on  the 
local  characteristics  of  the  propagation  medium  in  combination  with  the  characteristics  of 
the  communication  system  applied. 

This  paper  will  address  particular  problems  to  be  met  in  the  frequency  band  above, 
especially  when  dual  polarization  is  applied  to  increase  system  capacity.  For  system 
design  it  is  of  particular  importance  to  know  whether  the  actual  system  performance  during 
operational  conditions  corresponds  to  the  predicted  system  performance  as  derived  from 
transmission  models.  Such  transmission  model  is  described  in  section  2.  Sections  3  and  4 
discuss  the  propagation  and  equipment  parameters  to  be  used  as  an  input  to  the 
transmission  model  described.  Section  5  includes  the  comparison  between  the  observed  and 
predicted  system  performance. 

Propagation  experiments  have  been  carried  out  on  a  16  km  path,  located  in  the  area  around 
Leidschendam  nearby  The  Hague.  The  19  GHz  transmitting  source  is  sequentially  switched 
between  vertical  and  horizontal  polarization  at  a  switch  rate  of  about  1  kHz.  This  set-up 
allows  propagation  data  to  be  obtained  on  the  attenuation  and  cross-polarization  at  both 
linear  polarizations.  Further  details  about  the  experimental  configuration  can  be  found  in 
a  previous  publication  r  De  Haas  et  al,  IEE,  1983  ). 

In  addition  communication  experiments  have  been  performed  on  three  paths  of  different 
length,  respectively  6.6,  8.5  and  13.5  km.  The  systems  operate  in  frequency  bands  around 
18.7  GHz  and  apply  4  PSK  modulation  with  a  capacity  of  280  Mbit/s  per  polarization.  The 
links  are  located  in  the  area  around  Nederhorst  den  Berg,  about  50  km  North-East  off 
Leidschendam  (see  figure  1).  The  registrations  include  bi t-error-rat i o  and  attenuation 
measurements.  Further  details  about  the  experimental  configuration  and  the  equipment  used 
are  given  in  a  previous  paper!  V.d.  Hoek  et  al,  ICG,  1984  1. 
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A. Schneider,  I  S 

Have  you  compared  your  empirical  results  with  those  predicted  hy  theory  (e  g  Hellos,  Simile  s.  )  and.  if  so.  what  is  the  result  of 
sour  comparison ? 
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( 1 )  1  .cs  valeurs  tie  la  baissc  de  gain  d'antennes  indit|uees  a  la  figure  n’  2  rcsultent-elles  tie  mesurcs  faites  par  vous  ou  d  une 
con r he  tin  ( '(  IR? 

( 2 )  I  es  courhes  de  signature  (fig.  1  I )  semhlent  peu  homogenes.  I  n  part iculicr,  les  differences  tres  grandes  entre  les  courhes  pour 

et  2  x  44  Mbits  s  pcuvent-elles  etre  expliijuees  uniquement  par  la  difference  de  debit  et  de  type  de  modulation? 

Reponse  d’  Auteur 

( 1 )  l  a  baissc  de  gain  d’antennes  indiquee  resulte  d  une  courbe  C’CIR. 

(2 )  A  debit  egal  et  mcme  type  de  modulation,  les  dispersions  entre  les  courhes  de  signature  sur  differents  materiels  sont  tres 
laibles.  (  es  comparaisons  peuvent  etre  faites  pour  les  3  debits:  34.  2  X  34  et  1 40  Mbits  s.  C’eci  tend  bien  ii  prouver  quo  les 
iliflerences  proviennent  bien  des  debits  et  ties  types  de  modulation. 
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link  3  wluTi1  the  di  t  fiTt'in'o  is  smaller. 

Tl»  i  s  phenomenon  is  likely  eaused  by  the  wetness  ol  the  r  a  domes  during  rain  events:  unlik 
tlie  propagation  experiment  the  measurement  system  does  not  take  this  influence  into 
account.  Inspection  of  the  strip  cnart  recordings  confirms  these  findings. 

3  .  2  .  2  Bit  error  ratio  statistics 


Ihe  cumulative  distribution  of  hit  error  ratio  is  shown  in  f  i  p  u  r  e  13  for  1  i  nk  s  2  and  3  . 

I  he  curves  are  q  u  i  t  e  s  i  m  i  lar  and  have  a  steep  slope  which  may  he  expected  from  the 
attenuation  statistics  and  modem  c h a r a e t e r i s t i c .  Link  2  outperforms  the  Ion  per  link  3  by 
lac  tor  ot  because  o  t  its  4  dB  hie.her  flat  fade  marpin  and  lower  attenuation  value  for 

riven  percentage  o!  t i me .  Ibis  factor  can  be  recovered  from  the  attenuation  statistics  b 

-  3 

•  omp.i  risen  oj  attenuation  values  witli  a  4  d  13  different  At  the  10  hit  error  ratio  lev 
the  curves  deviate  somewhat  because  of  the  occurrence  of  synchronization  loss  demandinp 
w  i  t  c  ii  «  ve  r  t  o  a  s  ubs  t  i  t  u  t  e  »•  lock  . 

i  ,  c  dotted  line  shows  the  predicted  bit  error  ratio  statistics  for  link  2  as  derived  f  r 

i  he  predicted  attenuation  statistics  and  the  predicted  relation  between  attenuation  and 

:  i .  e  hit  error  ratio  a  e  e  o  r  d  i  p.  c.  to  curve  h  in  f  i  p  n  r  e  (  s  e  e  next  par  a  p  r  a  p  h  )  .  At  t  h  e  I  0 

hit  error  ratio  level  the  predicted  and  measured  time  percent  ape  differ  by  a  factor  3. 

Ibis  difference  is  attributed  to  t  lie  additional  attenuation  effects  due  to  water  on  the 
rad  ernes  . 


3  .  1  iiit  error  r  a  t  i  v>  ve  r  s  us  a  t  t  e  n  u  a  t  i  on  c  li  a  r  a  c  t:  e  r  i  s  t  i  c 

h rom  tlie  measured  attenuation  and  bit  error  ratio  statistics  shown  before  the  equi- 
•  r  •  ■  i  •  a i >  i  !  i  :  v  relation  between  BT.R  and  attenuation  is  derived  and  presented  in  fipure  14 

’  i  i  <  •  tl.it  fade  characteristic  (curve  a  )  is  shown  as  reference. 
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rain  on  the  path  accord inp  the  equation  (3.81.  Assuminp  power 
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to  multipath  as 


i  n  cj  h  i  y  hi-  r 


1 o  wi-  r  v  a  1  i 


Ti-spiMuls  ti-  the  s  loju-  of  a  !uiv  K>  i  i'll  di  s  l  r  i  but  i  mi  I  ur  sn.t  !  1  pi*  r  r  l-  n  t  .i  y  e  s  ul  t  l  me  . 

•  differential  a  t  t  e  nu.it  i  on  appears  ti  hr  smaller  a  t  hi  Hi  attenuation  values  ami  higher 
lower  values  of  attenuation  compared  to  the  results  o !‘  the  propagation  experiment  shown 
figure  7.  However,  it  must  be  berm-  in  that  f  i  pure  1  :>  shows  the  eumul.it  ive 

itril'ution  whereas  in  the  ease  of  t  ho  propagation  experiment  the  relationship  is  derived 
«m  1 n s  t  an l ane o  u  s  oh  s  e  r  v  a  t  i on  i  . e .  using  joint  probability  statistics. 

dot  t  i!  il  1  i  n  e  in  figure  IS  shows  the  predicted  atte  n  u  a  t  ion  s  t  a  t  i  s  t  i  c  s  a  r  cordin  g  t  u 
alien  i  i .  k)  )  indie.it  i  ni;  a  higher  percentage  of  time  for  a  given  attenuation  e  .-mp  a  r«  <J  t  " 

1  measured  results.  However,  the  prediction  is  based  on  worst  month  statistics  whereas 
:n  ensured  statistics  i  n  f  i  g  u  r  e  I  >  a  re  t  h  e  a  v  e  r  a  g  e  statistics  for  a  three  years'  peri  o  d  . 
'the  more  the  measured  at  tonu.it  ion  is  the  average  attenuation  across  the  receiver 


.  7  B  i  t  e  rror  ratio  statistic  s 

the  measured  cumulative  distribution  of  bit  error  ratio  is  shown  in  figure  16.  The  figure 
indicates  a  time  percentage  of  10  *  for  a  bit  error  ratio  of  10  which  is  a  small  time 

percentage  compared  to  that  of  the  high  performance  standards  as  recommended  by  '  CCIK, 

1  '  <  8  . '  ,  Rec.  5  '■< 4  . 

i'ti « ■  dotted  line  in  figure  16  shows  the  prediction  of  the  bit  error  ratio  statistics  for 
link  l  as  derived  from  the  predicted  attenuation  statistics  and  the  predicted  relation 
between  attenuation  and  BER  according  to  curve  c  in  figure  17  (see  next  paragraph).  For 
■Jr.  K  =  1  ij  the  predicted  and  measured  time  percentage  differ  by  a  factor  10,  mainly  caused 

:>•.  t:.c  lilt,  r.-ncc  iu-twi-i-n  the*  measured  and  predicted  attenuation  statistics  in  figure  15. 

’>  .  > .  1  Hit  error  r  a  L  i  a  versus  attenuation  characteristic 

F  r  the  measured  attenuation  and  bit  error  ratio  statistics  shown  before  the 

i-  ;  u  i  o  r  o !.)  a  b  i  1  i  t  v  relation  between  BER  and  attenuation  is  derived  and  presented  in  figure  17. 

‘  :i  >•  flat  fade  characteristic  (curve  a)  is  shown  as  a  reference. 

1  !. e  predicted  relation  between  BKR  and  attenuation  is  calculated  by  using  equation  (2.8) 
i : i  1  t  in  tl  at  fade  characteristic  of  the  system  (see  section  4).  The  value  of  XPI  to  be  used 
a  .  fling  to  equation  J.H,  which  already  includes  the  effect  of  the*  antennas.  The 
•t  .  '  !  rt.-!,it  ii-nship  between  BER  and  attenuation  is  shown  in  figure  17  for  the  occurring 

.  ;  -  .  '  and  X  r"!:  %  =  15  d  B  (Q  =  0)  . 

;-r::  t  !.»  r  •  •  1  it  i  '.v  I  v  small  distance  between  curves  a  and  c  (about  7  dB),  originating 

;  ,  v  i  !  ii  i-  (about  15  d  B )  ,  it  is  striking  that  the  curve  fitting  the  measuring 

*  i  t  *i  s  n  the  two.  This  implies  that  the  contribution  to  system  degradation 
due  to  multipath  is  considered  to  be  of  minor  importance.  According 
a  r :  i  t  -  r  f  i  .  >  n  due  to  multipath  can  be  neglected,  if  the  time  delay 

:•*  r  a  v  s  is  less  than  the  critical  value  which  is  approximately  0.05 

!  :  i  it  a  fade  depth  of  25  d B  for  a  4  I’ S K  -  280  Mbit/s  system. 

:i  .  I  i.iil  i  n  )•  to  the  critical  value  of  about  0.4  ns.  From  this 
it  *  h  •  •  i  •  i  u  r  r i  n  g  time  delays  are  less  than  0.4  ns,  which  is  in 
•  '  .  t  ;  us  in  p  a  r  a  r  a  p  h  1.7.2. 

■  •  *  i  *  f  ,  i  1 1 1  *  mirgin  is  eroded  by  4  dB  for  the  whole  range  of  BER. 

■  *  r  .  ■  i ?  •  2  f  .  r  «*  s  s  -  p o  1  a  r  i  v  a  t  i  on  phenomena,  which  are  strongly 

:  .  i  u  ,*  t  h  <  ■  residual  XI*  I)  of  the  whole  s  vs  tern  during  non- fading 
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8.  CONCLUSIONS 


In  the  proceeding  sections  the  results  from  an  extensive  research  p  r  cm*  r  amnia  have  been 
reported,  which  includes  lent*  term  propagation  and  communication  experiments.  From  this 
experience  the  following  main  conclusions  are  drawn: 

1.  For  the  accurate  prediction  of  propagation  impairments  due  to  rain  the  use  of  local 
radio meteorological  data  is  essential. 

2 .  The  use  of  radomes  to  provide  weather  protection  may  lead  to  a  substantial  increase 
of  the  attenuation  due  to  water  on  the  r a do me. 

3.  The  additional  degradation  of  the  fade  margin  caused  by  cross-polarization  effects 
d  tie  t  o  rain  is  small. 

4  •  No  significant  distortion  effects  due  to  multipath  have  been  experienced,  which  is 
i  n  a g  r e  erne  n t  with  the  predictions. 
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6  . 
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ailed. 

7  . 

The 

transmission  model  presented  is  a  useful 

and  effi 

c  lent  tool 

f  o 

r 

t  he 

prediction 

of  system  characteristics,  if  the  local  values  of  the  propagation  parameters  and  the 
actual  equipment  parameters  are  known. 

It  should  be  noted  that  the  proceeding  conclusions  are  restricted  to  high  capacity  digital 
microwave  links  of  path  Lengths  shorter  than  about  15  km,  operating  in  the  18  GHz  band. 
Furthermore,  these  coni  us  ions  may  not  be  the  same  for  regions,  where  different  radiometeo- 
ru logical  conditions  are  experienced. 
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A  Review  of  Atmospheric  Multipath 
Measurements  and  Digital  System  Per formance 


Robert  1\ .  Hubbard 
I'.S.  Department  of  Commerce 

Nat  ional  lelocommunicat ions  and  Information  Admini strai  iuti 
Institute  for  lelecommunieat ion  Sciences 
boulder,  Colorado  sn  hn 
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■  Liu  piper  di-.u-iv.-s  the  ef  i'eets  of  multipath  propagation  on  digital  communication  system?-.  It  reviews 
5  !.<■  subject  in  both  recent  literature  and  experiments  for  Information  that  either  describes  or  d.-ti-.u-'- 
i:.e  pi:en<  Tien*  si  in  Lems  ot  the  propagation  media  itself.  !  he  performance  of  digilaL  t  ranswi  ss  i  mi 

■  !:  is  ’-ten  studied  and  reported  in  recent  years  in  ways  that  emphasize  the  multipath  probli-m, 

l";t  r.uvl.  iv._-  these  experiments  included  more  than  a  cursory  description  of  the  transmission  path 
in  :  the  w.tuoL  multipath  structure.  In  other  words,  the  effects  of  multipath  propagation  -m 

■  t  cm  per:  •rman..e  ire  well  documented,  but  a  thorough  linkage  of  the  transmission  channel  model  to 
m."  >■  it'-i- y  v  r  jn  r f -* rnar.ee  is  elusive.  lln  the  other  hand,  certain  meteorological  conditions  that 
r  •  -  it.  the  mii  t  ip  it  1:  problem  ire  talrly  well  understood,  and  models  of  these  conditions  have  been 
■i'-vr!  ■  p-t  •  • : .  In  thi.'  paper  wu  attempt  to  bring  all  of  these  facets  together,  anil  present  a  norpholngv 
i:  i  r  will  lc  id  to  bettor  undorst  . .nling  and  improved  performance  of  digital  radio  systems. 


< 


4 


'.«•  .i;\vrf»i:  •. *  f >  t s  of  multipath  (or  frequency  selective)  fading  in  radio  transmission  have  been 
•.-.i.'v.l  mi  measured  for  several  decades.  Ihis  aspect  of  radio  propagation  lias  been  characterized, 

■  '  b  p.iuiit  itivelv  and  quantitatively,  in  several  different  ways.  (Qualitative  cliaracteristics  were 

..b-  riled  by  such  terms  as  path  iatermodulat ion  noise  for  analog  systems,  and  later  in  terms  of  inler- 
i  :’.i -:r ;  er-  n- e  tor  digital  systems.  burly  quantitative  descriptions  were  based  on  measurements 
:  i.  •!>.::.!  b  mdwidt.iis ,  signal  noise-power  ratios,  and  a  variety  of  otlier  system  performance  measurements. 

u:i-{  patumet era  reflect  a  dependence  upon  the  radio  system  used,  and  imply  multipath  effects 
m  !;••  -c.  i<  opposed  to  a  direct  measurement  of  the  multipath  structure  within  the  propagation 

,  c.'.vl,.  b;u-v  ::.ultipatn  of  any  form  is  a  multiplicative  vlisturbance ,  it  is  a  function  only  of  the 
t  i  :  i  i  u  icmnel ,  and  is  completely  independent  of  the  radio  system  parameters.  for  this  reason, 

'■»•-.  •  m*  i'cort.m!.  t  "  observe  and  measure  parameters  of  the  transmission  channel  itself  and  then 
i  t.i.eir  !  * ».-  t.  s  on  t'ue  performance  of  systems. 

.  uv.'*:i.-:it  way  c:  viewing  tlie  transmission  channel  is  tliat  of  a  time-variant  linear  filter,  which 
:■  .  i!-  •  b«  *. ■  t  rut  vft;  • !  a  system  to  the  input  signal  x(t)  ns  [Ij 

v(t)  =  h ( ’ , t )  8  x ( t ) ,  (1) 

r-  i  i-.  i .  • :  i :  i  •  •  ;  a-  t.  ho  time-variant  impulse  response  of  the  channel  and  8  denotes  convolution, 

i  i  rr-’liarv  in  t.he  frequency  domain,  where  the  output  spectrum  is  related  to  that  of  the 
*:<  pr  duct  ot  a  t i me -variant  transfer  function.  The  expressions  are  lourier  transforms  of  one 
-.*•  domain  <  >:p  rc-.ss  i  on  is  best  for  our  purposes,  as  it  has  been  applied  to  measure  multi- 
i  .u*li;,"d  in  :  -  j ,  using  instrumentation  described  in  [  3]  and  [  -♦  ] .  Lxampl.es  of  these 
b  in  dir.-.t  support  of  performance  tests  of  digital  communication  systems,  are  pre- 
*  i  ;  i;  r.  multipath  •■ffevits  of  the  transmission  channel  are  embodied  in  these 

ill;  -i  d  now  1-  dge  !  that  multipath  effects  can  bo  the  worst  detrimental  factor  in  system 
Li  ui  irly  for  digital  systems.  > 'ne  at tr Unite  lor  digital  transmission  is  its  ability  to 
m  -Ur:  and  noise  in  the  channel.  However,  coupled  with  this  is  the.  inherent 

‘  i  L  •  i  ■ ?  r  p  1 1  i  •  i>/r  i  !,it  i  )n."  It  is  contrast  -  1  to  the  subjective  term  of  "graceful 

icai  ...  systems.  burly  performance  t-  of  digital  systems  have  «*lu>wn  that  Lite 
1  ='•  :  :  !ly  reached  -bio  to  multipath  fading.  >'nu  example  of  this  fact  Is  pre- 

•  a:;-.  1  rm  v  multipath  distortion  is  a  multiplicative  effect  that  is  imposed  bv  the 
.  ••  -  •iuu-M  b-  Vv.-r -  ome  with  any  additive  process  such  ,ia  the  power  budget.  Seme  form 
i mu-.*  b*.  used  to  improve  performance  in  a  multiplicative  channel  .  Also,  to  be 
i.etiv.  1 1  r must  be  capable  of  following  the  dynamics  ot  the  multipath  disturbance*-. 

’  w  ’!■  : -j .-  *  i'ber  _an*.cl  Led  or  compensated  for.  In  this  paper,  ve  intend  to 

;  .  c/i  r  to  i*  i  ->  inherent  to  t'ue  problem. 


:  ‘’';.;;a.ii  \ "Apd-  y-aiPA-'-.u  ll: 

i  *  :  i*  .r-  ;  i  *  a :  ;  ;.g  t-;-  ».!-.♦•  mult  ipat.u  problem  in  radio  propagation  reveals  an  inl<-r- 
ri  ■'  si:  *  -  *:•  :.5:.u;.  i  -  u  t.  i  on  t*1-  I.ns  1  •  «g  i oi  the  earliest  s  tud  i<u;  <*-n  I  «'S  m  i  -  r- 'wav.- 

;  ■•••  r-  r-  .  r*.-  !  i -'arlv  1  c's  ,  ’.  I  in;-  -  omrn-'-n  modulation  seben*-  at  tiiat.  lir.i-  was 

t-  :  uulM  ui-M.i  r.ooivi  us*-  :  r  r- -pien..y  !i  vision  multiplex  ( TDM)  .  As  tin:  i  DM  ■  hannel 


i:  *  *■  •  *  mu I  !. !  pa  1 1«  «*. !  !ect :>  1  irst  :.'ui-ar«'  i ;  :  .  ■ 

• . ~  ‘  •  '  i  nee  is  a  inear  modulation  t«-  :.n  i -;:i. -,  * 

••  f’  i  uu*  vei  l  as  .i  nolse-like  tigiial  to  bo  ad.h-I  into  th. 

-•  :-  not  •'■•to:.  the  out  iru  signal  significantly,  but  the  i  :.t  «•  r 

!  •  tmm  «:!  :  e.:ti::g  on i  .  .  ertain  voice  channoLs  at  a  t  i m* • . 

,  a  n-'n  a  relatively  short  sal  less  dvnan.J «  t’.a:;  i  n 

-s.:r,  hut  rare  1  y  di  i  they  nai.l.T  the  system  unusable. 

•  :r  ■  ;  -i.a:.  areas  a:i  i  ether  parts  of  the  v-rld,  u-i.-rs  hyar;  t  ,j 
pse  _e:  ■>:  taese  Vure  attributed  •;  o  path  i  ate  rm.oJu  •  at  ion 

■  ■  ip  -it:.  problem  s!ii:  ted  :  rom  !  wS  circuit  to  tiie  tin-;-.’  . 


L:  "■  'v  -> ’  a  :  or  many  years.  .he  esc  or  divers  i  tv  teoim  iqu.-s  fa 

■  •l'**  •  '» *  1  .  increase  !  over  the  years  and  served  to  alleviate  the  pro:- 1 

-•  ater.S  ..,‘iVt:  Xi  inl.efe'O.t  feature  that  has  :  eell  lahcJCjd  as  jTaOtfljl  de.T 

.i.:,- ...  .owl-.  ( :•  aa  i  le>v  slope)  as  a  Junction  oi  the  channel.  d  i  st  ert  i  >  >ns  . 
.  \vr  rapidly  via:.',  the  disturbance  subsides.  i'roi>aMy  for  these  reasons, 
h  mL-  r  .wave  st -tens  were  somewhat  dormant  during  the  late  l',r)0's. 

- ral  <• :  :  i.-iunov  o :  microwave  systems  began  to  receive  attention 
a;.:  the  adv.-nt  of  microwave  allocations  for  satellite  links.  h-  improve 
: :  •••  in  male;;  :ir  :uits,  baseband  signals  were  expanded.  I  lie  resultant  svs- 

;  nr  .e  •>:  interest  in  mult  Lpati;  e!  loots  during  tin*  latter  part  of  the 
1  *'•  '•  period,  ti<at  have  been  cited  in  more  recent  work,  are  reierencos 

le->..ri'-e  thi--  work  here ,  as  it  is  reflected  in  summaries  presented  in 


■  ::  al  s  ignn  Is  tor  wiJe-bai:.i  .  onr.un  i  v-  a  t  i  ens  was  first  seriously  considered  in 

::  '  'tt  nice  the  multipath  problem  in  ! .055  applications  was  essentially  .wer- 
1  .•  -K'!*  of  digital  radios.  iheoretical  design  and  analytical  practices  began 

‘  h..  :  analog  system,  whore  performance  was  treated  on  the  basis  of  signal  fade 

ms  l  in  no  i  so . 

' '  ■  i:  ■  perioi,  new  digital  modulation  techniques  were  being  considered  for  the  troposcat- 

early  ie-.ign  approaches  to  the  digital  I  OS  system,  the  path  intermodulation  in 
:  '■  ,  n  •  -wn  problem.  It  was  recognized  at  the  outset  in  both  system  design  and 

ii  ■  t  -  .  r  «.-..\;-.;le,  th.'  d.igital  modems  considered  as  candidates  for  military  t: roposcat ter 

r*  id;'.-.:  .  u  multipath  structure  to  advantage,  by  providing  an  intrinsic  form  of 

:  ltd-.'  prop  lg  it  ion  and.  systv.n  performance  tests  included  a  method  to  measure  and  characterize 
.id  1  r  ■  p-- rt  i-.-.-  o;  Lite  channel .  In  contrast,  the  digital  design  and  test:  approaches  for  the 
ii  i  :i  ji  i:i  ■  ludi.  any  possibility  of  characterizing  the  multipath  effects.  Two 

•  ?bi  : .  :W> ■  v* ’ r  ,  arc  ••..-ted  in  Section  •*. 

•  *  i  c.  1  it  ••  1  'b"'s  given  above  should  have  alerted  the  planners  and  designers  of 

j  w  iv.-  y  a . -:::s  ub-'-u!  w!-.at  lay  aiiead.  in  tin;  l.OS  channel.  More  evidence  oi  potential  transtnis- 

•  .  i th:  ■  :>•  :  i  ur:  was  adde  !  with  another  series  of  papers  published  in  the  earlv  19  70’s.  In 
w  r  ,  •mpiri  .ii  data  for  the  »,  b,  and  11  '-Hz  band  provided  statistics  of  inband  distortions 

•  *  ip  i*  i.  •a:::.;.  ::«.-»e  re»ulrs  were  reported  in  [18],  [19],  and  120].  lhe  initial  measure- 

.  a-.  :  hands  ha!  been  reported  earlier  in  ( J 1  ] .  However,  if  one  scans  the  literature 

;  • :  •  \'.  y  T-^i,  uvre  lis'-ussed  in  ti»o  1070’s,  therr  is  little  evidence  that  this  problem 
:  .  i  •  a  ;■  ri  ri  o:n* .  '.-.'ithout  citing  any  specific  papers,  we  invite  a  review  of  the  system 

•  r.  ''a:  w>  r-.  ;r*>';r."d  at  the  International  Conmuni  cat  ions  <  ■'nfnrences  in  1.078  and  1977. 
th.  jv  i ::  •  ifgi'.il  sy  slums  for  !  "S  applications  were  discussed  in  these  two  conferences. 

•  ;  r  - :  ■  ■ !  i  on  .  an- !  mo  a --urotnenis  were  based  on  the  theoretical  flat-fading  models.  i'ven  in 

v  I :  -  r .  ■  liver  -i»y  ••  :*::.b  i  nin.;  or  sophisticated  diversity  selection  techniques  were  considered, 

wi  r'lr.  gnat,  dual  of  attention  was  given  to  matters  of  optimization  of  filters,  pulse 

*  i  •;  p  r  .  an!  .:th*-r  system  parameters  such  as  synchronization  and  phase-locked  loops. 

inter:' i  t  .•  a  multipath  transmission  channel  was  essentially  ignored. 

!  *  !  *.  i  ,  .ippun-n*  over-; i ght  could  have  been  that  the  performance  of  analog  systems  was 

-  ,  t  v  in  liv.-rsi'y  configurations.  Another  might  have  been  due  to  the  heavy  emphasis 

•  '!  iradS/f  in  the  .ligital  system,  and  frequency-mask  requirements  imposed 

nil-  .  t  i  •  ■  ■  r>'.v«o;is  for  Li.**  initial  overs  iglit ,  the  problem  became  quite  apparent 

.'•a  f  b  !  I  -  f  I  el  i  te-.t  S. 

•  .  -  t:  it-  i  ram;  in  tropes  .aqtter  propagation  during  the  197^’s  were  those  of  t  In- 

■  -  .  ’  -  ■  r  -  i .  ■ : :  - .  •  *>  i|:S),  !h  11  --lephonc  laboratories  fElI_),  the  r.S.  \  i  r  I'U'>-e. 

-  :  i*-  ;  :  -  j;  a1)  1  i  s'nment  f!h'ld  )  .  it  is  not'  possi'ele  to  review  all  of  the  work 

i  .  r  •  j  .  •  r  .  r  .  I  •  will  perhaps  :  o  useful  to  -iironicle  the  act.  ivi  t  ies  ."i  I  •  en*  with 

•  •  T-  •  r-y-  c*  :  or-  d.-tailel  r-cults  in  Section  * . 


:  ro -y  -  e-ec;  ra  1  i  .•  ;asurem.e:it  teckniqu*-  in  an  t  r- >p a !  t  >  r 

*  it  i  ;>r .  rmodulnt  i  on  no  i  (rul’d  path  noi-i  [  ]  .  •  i  i  * j  rnea'-uiu 

i'  !  !  n’v  ,  !  -  urop*.  an  !  '>.st  icitly  in  *:out  !n  rn  At  i  "via. 
vi.  ii  ;  :e ;  1 1  1 ;  i  •  *  d  It;  ’hi.,  :-ap--r  ,  ••ase-.l  on  t’-.e  i  or  r*  1  a  t  i  u  nri-rtlt 


ID 


,  :  :  "ii'  U'v  signals  (P:\BS).  die  i’i-’BS  method  is  shown  in  f  2]  to  he  a  transform  equivalent  t  > 

:  ’l'1''  -it:  method,  and  it  has  a  time  domain  uorrollary  to  l.q.  (1)  as 

:\r.,(  '  >  =  h(  :  ,  t  )  8  !<  (  :  )  ,  ( J) 

XX 

is  the  autOuOrrelat  ion  function  of  the  input  signal  and  !<^(:)  is  the  cross-cor  rel  a- 

■■  ..  ’on  i.:u  the  input  signal  and  the  output  signal  y  ( t  >  in  a  1  inear' system.  Again.  M  denotes 

:r-  d  Di  ( - )  shows  that  i!  a  test  signal  (such  as  a  PRBS)  that  has  an  impulse- like  autocorrela- 

1  1  function  is  u-'d!  t .*  probe  the  linear  system,  then  the  cross  correlation  function  describes  the  im- 
t D  -.:’.  <-•  et  t lie  system.  Since  the  radio  channel  is  time  variant,  a  "snap  shot"  of  the  impulse 
*  ‘  r- ;  •  i -i  measured  over  an  interval  that  is  short  compared  with  the  rhannel  changes. 

•  ;i,‘  -  !  I't  'Ci*  uses  a  dynamic  correlation  detector  in  place  ol  the  tapped  delay  line  used  in  the 

1  :  1]  receiver.  A  PKBS  tropo  prohe  was  first  implemented  by  BTL  investigators  [24J. 

d;.  f.i’tnois  have  been  successfully  used  in  the  U1L  and  Air  force  experimental  programs  to 
biro  : «  r  i  .-e  t.  i .  i  mul  t  ipatii  in  troposcat  ter  circuits. 

i'*'  tin:  lib  designed  and  built  a  channel  probe  using  the  PRBS  technique  for  application  to  the 
:■  s  mi-r  >wiVf  1 .  ihe  instrument  is  describeil  in  13].  Tt  provides  a  150  Mb/s  transmission  rate, 

b-ldinc.  ar.  d  :oiute  delay  resolution  oi  approximately  6.7  ns.  However,  the  practical  resolution  is  on 
t bo  1 1 1" ■  h" t"  o!  L  us.  ibe  instrument  operates  at  a  fixed  frequency  of  8.6  GHz,  which  is  in  a  I’.S.  Covcrn- 
::onL  hand,  but  ju;L  slightly  above  the  operation  bands.  This  test  frequency  was  chosen  specifically  so 
■  h . 1 1.  tat:  probe  ',’Uild  be  readily  multiplexed  into  operating  systems  without  interference.  The  instrument 
teen  applied  to  a  number  of  mult  Lpath  experiments  [.’5],  and  used  in  direct  association  with  digital 
oe r :  or: ’..nice  te  le  in  LOS  channels.  Results  from  some  of  these  tests  are  presented  in  Sections  5  and  6. 

M  ■  re  det  lilt.d  iur  'VnaLiou  is  contained  in  '  ]  and  [27]. 


Sis:id  id  ;•  dd'KMANCf  MLASPRilMLNlS  IN  i’KLSLNCE  «'}  MkLilPAlH 
i  i  /  i  t  a  1  ;  r  op  os  c  a t  tcr^  J  hanne 1 

bo  pith  i  :u  ormodulat i on  problem  over  certain,  long  troposcatter  links  was  found  to  be  severe  in 
tii*'  Lite  L'lDi)’..,  when  the  KM  systems  were  used  to  transmit  digital  data  in  the  baseband.  This  was  true 
i  for  iy  -terns  that  used  higher-order  space  and  frequency  diversity.  A  common  combiner  technique 
i l  at  tlio  time  was  that  known  as  maximal- ratio  postdetection.  Methods  proposed  to  improve  the  per- 
r  rnanct  •  >!  these  systems  included  predetection  combining  techniques,  and  the  use  of  angle  diversity 
1 -’M  ] .  in  a  cooperative  program  between  the  B 1 1. ,  the  Raytheon  Corp.,  and  the  I’.S.  Air  Force,  tests  were 

■  -nducted  in  L(’*<»7  and  1968  over  an  established  link  between  Greenland  and  Iceland.  The  results  of 
these.  tests  were  summarized  individually  by  the  BTL  and  the  Raytheon  Corp.  in  reports  to  the  Air 

•  rce  |2*>,  30].  It  is  beyond  our  scope  to  discuss  these  results  in  detail.  It  is  sufficient  to  note 
that  new  insight  was  gained  relative  to  digital  transmission  in  mis  channel,  and  that  these  tests  led 
ul.timat.fLv  toward  the  design  features  of  today's  digital  troposcatter  systems. 

Research  by  the  BIT.  continued  for  several  years  in  both  diversity  combining  techniques  and  the  appli- 

■  •■it  i  *n  of  angle  diversity  to  the  troposcatter  channel.  1'he  work  was  conducted  over  an  experimental  link 
in  the  eastern  Ini. ted.  States.  Results  from  various  elements  of  this  research  were  reported  in  a  group  of 
papers  at  the  International  Communications  Conference  (ICC)  in  1971  [31].  The  most  important  results  for 
"nr  purposes  were  those  that  conveyed  a  direct  measure  of  the  impulse  response  over  the  test  channel 

<  a •  •  t » •  d  i  itiT ' .  Thu  BIT.  suspended  research  on  the  troposcatter  channel  around  1972,  as  the  emphasis  on 
\-  'w  t  cl  -  ••  'mmunic.it ions  began  to  shift  toward  the  satellite  circuits.  The  PRBS  probe  used  by  the  BIT. 
vi-  «■  ;uired  hv  the  IIS.  It  was  modified  and  improved,  and  later  used  to  support  the  Air  Force  in 

■  ■  1 1  i d  f.  r  ,’p  ■  atter  work.  examples  of  measured  data  are  presented  later  in  tiiLs  section. 

*■  i  r  r  e  investigations  into  troposcatter  continued  throughout  the  1970’s,  in  support  of  a  number 
!  -*  ru?  i*  links  around  the  world.  Plans  were  being  made  to  upgrade  these  links,  and  to  eventually 

:.  i  i-p-  *  hen  to  i  iigital  format.  Tactical  digital  troposcatter  systems  were  also  under  development  at 

t  i "v.  Much  of  the  design,  test,  and  evaluation  work  was  conducted  by  the  Rome  Air  Development  Center 
1  >.  '•  AKK  t  fhniques  were  used  to  measure  the  delay-spread  parameters  of  several  links,  and  results 

-  :-ip  ir-  d  with  existing  models  [9,32,33].  A  simple  profile  of  the  multipath  power  as  a  function  of 

••  !  i ‘•■lay  was  found  (on  the  average)  to  agree  quite  reasonably  with  theory.  However,  both  t  ime  and 

•  r  :  il  v  ir i  it  ions  were  found,  raising  questions  and  speculations  about  the  structure  and  dynamics  of 

■  •  i  *  •  r  me-Ti-i.u  sm.  Some  of  those  are  tabulated  in  a  later  summary. 

-.p  r-  :n’n  -•  i  v*-  report  of  the  Air  Perce  work  is  given  in  [  3  A  ]  ,  which  also  contains  an  extensive  list 
*  1 ■  r  r-:  -  ri'iU'S  relevant  to  the  subject.  These  include  the  work  conducted  by  the  NKDF,  which  cc-ncen- 
i  r:\  r..*  ■  ?  •  -or- ■  1  og  i  ca  1  parameters  of  the  channel.  A  set  of  multipath  power  profiles  were  derived 

1  i ,  <  r  i  *<-ri.:o  a  v.irioiv  of  channels.  ihese  curves  are  shown  in  Pigure  1,  where  each  represents  a  mean 

r  -♦di  n  of  t measured  characteristics.  Fhe  2-‘r  delay-spread  value  (given  for  each  profile  in  us) 

:  r-  •■:  »  .  f}u  l.-lay  distribution  of  the  power  impulse  functions,  where  ■:  is  the  standard  deviation, 
i  1.-  lira  ar*-  jb?  .-lined  from  the  RAKl  and  PRBS  probe  instruments  mentioned  previously. 

;  ■  kJ>‘,  t  p«-  Air  force  established  a  Toint  fact  i  cal  Communications  Office  (JTCO)  at  Tort  lluachuca, 

A  .  ".i-:  di.r-  of  tiiis  office  was  to  develop  a  test  program  for  the  new  tactical  troposcatter  systems 

■'A*.  i  - 1  '  t  m  .  order  to  assure  that  the  delav-spread  parameter  ot.  the  selected  test  paths  was  in  ac- 

•  d  vi  t*i  1 1 ,  *  -  d<’.ign  spe<_  i  t  i  cat  ions  depicted  in  ;  i  gure  1,  arrangements  were  made  with  the  ITS  to  conduct 
’>■}'•■!  r-sponsi  muasurenents  ever  each  path.  ;  he  tests  were  conducted  in  197^,  using  tins  liS'PKBS 

:  r  i  *:  •••  interface!  with  an  analog  troposcatter  system  ( AN.'  I RC-97  >  .  Ml  of  the  paths  tested  were  in  the 

•  ’i  o  rn  Ar  i  ’^n  region  near  Fort  Huachuca.  I  hey  ranged  in  length  from  61  km  to  3  3  5  km,  and  had  varying 
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pect  cu  the  expected  performance  airvu.  -hi 
been  lounl  to  be  rather  typical  of  the  mult: 

“otooro Logical  data  were  again  used  to  -up 
ads  o!  deep  signal  fading  and  poor  per fur man 


i  ally  developed  systems  wore  first  presented  at  the  1“7-S  fO 
’■  efenee  presented  the  early  results  measured  by  the  telephone 
ted  states.  later  versions  of  these  papers,  along  with  one  from 
ons  on  r-T.uni cat  ions  in  December  1979  (a  special  issue  on  digita- 
:  tnc*  !  iiilL  special  issue  orougbt  together  a  significant  body  uf 
Saicii.  :i;e  most  important  conclusions  drawn  in  this  literature  ai 


‘  .  -  ■  ,  ■  •  L  jouclude  that  linear  amplitude  dispersion  caused  by  multipath  is  the 

’  :  in  ii-.;ra  h-c  per :  orr.uncu.  'f'St.  oi  the  authors  also  conclude  that  diversity  reception  in 
■••'it..  ‘.on.,  oi  equal i cation  will  he  required  in  the  i  OS  channel  to  improve  its  perform- 

::d  not,  however,  include  any  measurements  that  would  identify  the  actual  renditions 
i .. ■  •  ion  cninnei.  Die  knowledge  of  such  conditions,  unfortunately,  may  be  essential  to 
ieai.n  the  required  adaptive  techniques. 

a. I  pr.b  i«  m  noted  in  these  tests  Is  a  lack  of  commonality  for  the  outage  criteria  used,  and 
s:t'  i  i<. 1  Licit  is  associated  with  the  specified  outage.  Most  tests  were  based  on  a  BKK 
i men  ur. email  intervals  varied,  or  were  not  stated.  Other  results  are  reported  on  the¬ 
ca. i  !  tc-ac  iso  'S'  N)  ratios,  "."nose  differences  make  it  very  difficult  to  compare  results. 

kid  f  a  channel  description  renders  it  impossible  to  compare  the  IQS  propagation 
...is  problem  is  illustrated,  in  the  following  discussion,  which  in  part  is  based  on  some 
an  system  tests. 

.-c_s,  the  In-band  dispersion  was  observed  by  measuring  the  relative  power  in  the  ro¬ 
il  in  ::  ir r^w-'  and  filters  spaced  across  the  signal  pass  band.  The  difference  in  power  levels 
v  •  i  j f  in-band  amplitude  dispersion.  It  was  reported  that  a  dispersion  on  the  order 

in'  w..,.-  i  ..lent  to  cause  the  performance  to  degrade  to  a  HKR>10  ■* ,  a  .slope  of  only  6  dii 

‘-uni.  :  e  i'll,  distributions  for  the  test  period  were  compared  with  calculated  statis- 
■  r  ‘  :  in  typical  o:  a  heavy  fading  month.  '.'he  detailed  results  were  as  follows: 


iireshol.i 

.  ime 

be.  Oi 

Average 

lime* 

Interval i 

Exceeded 

h vents 

duration 

Above  Threshold 

1  •  ' 

.:9'jO  s 

195 

15  3 

99 . 880 

*  ■  ■’ 

1000  s 

S3 

13  s 

99.958 

.  iv 

1100  s 

■SO 

]■’.  3 

99.969 

370  s 

37 

10  3 

99.989 

1U 
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1  .  pur:  : r::.u> !  ;  y  t'-.e  1  '  3  [17]  have  shown  that  performance  degradations  of  this  magnitude 
!  In.  as  short  a  perk  1  as  one  day  or  less.  Thus,  we  would  conclude  that  the  transmis- 
f  hit  inn  in  the  above  tests  was  not  severe.  Reporting  test  results  in  terms  of  a  bin  in 
i  i  record  of  the  time  that  different  BEK  thresholds  are  exceeded  (a--,  know',  is  a 
.  .  ::.:np.  more  common.  b-r  example.  a  performance  measure:  that  is  receiviuc  a.  cept.un*  is 


r-- !-se  tend  »  3cS) ,  vine  r«.-  the  number  of  errors  in  the  second  arc  .  .vunti.d .  :t  ha*  t  wo 
*  ond  time  is  synchronous  with  the  first  er.or  detect*-:,  md  :  '  i*  permit 

•-  ileiiiate-I  :  or  any  desired  hER  t'nresbol-i .  If  the  trend  t  -wa:  :  v  ear.  of  the 
1  alleviate  me  pr i-m  o?  comparing  test  results. 


:at.i  'ipr-e.ir  was  perhaps  the  ;  irst  to  consider  the  f.»  :«• 

r  t  e  rms  suck  .»s  dispersive,  equivalent ,  an!  net  f  ade  *-  arc  i :.  are  a  1 
.>■  quantify  the  diifercnce  between  the  expected  flat- ‘deling  v  •  r  1  •  r::.a 
i  i  i  p-m:  ;r:.,  ince.  be  effective  fade  margin  is  derlv*  i  bv  --quad  i:v  .■  t 
:  I  e  :  i ; .  r  *.-  s  .add  level  to  tin?  same  amount  of  t  i  me  n  a  avul  i  •  i  *.  i  •  a  ; 

l  •-  bi  io  1  1  :  vXO-edod.  I  1 .  I  *-»  COHCOpt  *.10.  be  Us**  1  t  •">  •  Xtellt 

•c.  nv*.-:  '  ..  ;;  Vvv-r  ,  i  *.  :  ■  y  .lev,  do*,  end  on  t  trb  o‘‘ "k  U'd;  v*  r  d- 

S'.:  i  ■.*•_■  '  *••  !  .in:  li.e  channel  nidi?  ions.  ?'••*>  r  these  rcis  ■:.*  .  t  be 
i  is.  ;-.r:  i  --.i:;  .  .mpar i  -  o  . 


a  .?  '■  r  as-  d 


that  reported  fcv  J.  1  b  'rti.eru  '  ••••■*•  »r*:d;  »f  *  .ma  j 
;:»iiver:ity  channels,  as  v._-  i  1  t-,,  in  i  q  act1  c.  i  Vi  ? 

lace  v.H  si.- 1..*,- ted  a;  a  pr.-;*a'*  i  1. ; !  ’  el  !  .  •  Iff 

■  in  knar -haul  objective  a.  Da?  ids  f  h  r  ■  ■  •  b  •  •  k.  i  v.  r- 
l  it-:!.  '*••.:  >'.■  v* 1 « 1 1  1  ;  er !  •  UTan-  •:  v.i  ■  utit.a  r  i  c«ai  i: 

i  t  i  e  .-•■  .  -iu-.e  ikero  were  :i?  r»-  -nits  vine,  t  i  m< 

.  .-mp  ».ri.  t !  i  e  results  with  t  lie  prev  i  ou:-  1  v  di..- 
,  c.  i  veil  ‘or  b->t  h  •:  those  test.,  and  we  examine 
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SI’MMA  RY 

TV]  a  ;  ■par  i  h,.;;  a  stochastic  radiowave  propagation  model  useful  for  assessing  the 

■  •Iff  cts  <  if  inicCs  and  other  vegetation  upon  communications  signals  in  the  UHF  band.  The 
; .  *■  nci ,  ctic  c  1  act  ror  nonet  i  c  theory  employed  as  the  basis  of  tiiis  model  initially  considers 
the  forest  as  an  unbounded,  discrete  random  medium  of  randomly-positioned  and  oriented 
curnica!  scat  torers  representing  the  principal  forest  constituents  (tree  trunks  are 
r  ei.r  »r.  t  e«l  as  inf  i  »ii  t  ely-long,  parallel,  circular,  dielectric  cylinders;  leaves  as  flat 
circular,  dielectric  discs).  A  physically  appealing  representation  for  the  mean 
(oohirei't.)  field  component  of  the  propagating  radiowave  has  been  obtained  by  recognizing 
that  t  *  c  ensemble  of  discrete  scatterers  can  be  replaced  by  an  equivalent  continuous 
:•  ed  i  uri  described  by  an  effective  dyadic  permittivity  £  .  The  forest  model  is  then 

refired  by  assuring  a  planar  stratified,  anisotropic,  forest  model  bounded  above  by  air 
■tid  below  ly  ground.  The  associated  electromagnetic  boundary  value  problem  is  solved 
asymptotically  to  identify  the  principal  contributions  to  the  mean  field:  the  direct 
wave,  the  reflected  wave,  and  the  lateral  wave.  Because  the  equivalent  continuous  medium 
characterized  by  the  effective  dyadic  permittivity  €  is  linear,  Fourier  transform 
techni  a. os  have  1  eon  employed  to  generalize  the  model  so  that  it  accommodates  arbitrarily 
•  cdi:  1  at od  waveforms.  The  central  limit  theorem  suggests  that  the  fluctuant  (incoherent) 
r  j  e  I  d  cm;  !  orient,  is  a  Caussian  random  process  and  so  can  be  completely  characterized  by 
i ► s  i  i :  t or. sity  (power)  and  correlation  function.  The  two-frequency  correlation  function, 
cs-ecially  useful  in  assessing  the  effectiveness  o£  specific  modulation  techniques,  has 
t  *■*  r,  f  repented  for  a  two-dimensional,  unbounded  forest  of  parallel  tree  trunks 
ill  irir  item  by  a  parallel  line  current .  In  contradistinction  to  all  earlier  models,  the 
i  1 1  i  of  t  he  prepaeat  i  nq  radiowave  can  be  related  directly  to  the  biophysical 

.  i  r  i.  <  ■  <  r  .  f  the  forest  . 


1  .  ifTcnrocTldK 


o  ;  •  •  •  •  i  r  'j  ort  ltd.  elements  of  juT  fornance  analysis  of  any  radio  communications 

!  ,r  a  .rate  leu  rei.ent.it  u.n  of  *l,e  effects  of  the  communications  channel  on  the 

■  ■  i  t  •  •  d  :  i  .  i  .  1 1  .  Tie  rust  iig  trU'iii  of  these  effects  is  undoubtedly  signal 

‘  •  i  •  r  t  r - > t  ••mi  re- ion  loss .  r>[  secondary  impact  is  the  distortion  caused  by 

i  1  *  :  .  •  i  !  .  .  >  ■  rt  eg ;••••  1  «>ct  ive  fades  which  can  affect  the  reliable  reception  of 

r  in  .<!  .  T)  e  |  •  ct  i  vi  .  f  the  rittiiicl  reported  in  this  paper  is  to  develop  the 

.  ■  ■  .ry  ti  t  .  a.  1  ;  reduce  i-i;.|ii  eering  models  capable  of  predicting  excess  path  loss, 

>  .  rt  i .  r  i ,  aid  •  ace-f  requer.cy  cor  relation  functions  for  UHF  communications 

•:  1  r  perat  i:e  it  a  an  nob  f  *  n.st  i  ‘  environment.  This  paper  reviews  progress  to  date 

' .  i  »  1  i  s  i  'Ti  .ini  •  f  f  r  t  .  f  1  ' 

hut]  *>.  f  rep*  o  t  j  r  e- i  n",.  r  i  ai  ;t  er.seml  le  of  randomly  positioned  and  oriented 

■ft'  :  i  t  m  ■  1  ,  . : t  »  .  i  .  i  :  aid  urine  the  procedures  of  Twer sky L 2 ] ,  the  behavior  of  the 

d*.  :■  !  i  .Tlio.v  It,  fin'  I'm  ir  !  i  .  first  reviewed.  The  wave  equation  for  the  mean 

1  i "  1  1  •  t  f  I'T'i  it  it,d  flit  >  1 1  j  1 ;  m  im  bruin  ied  forest;  is  used  to  demonstrate 

’  it  •  .••>*  i>  r  ■  r  f  ■  ■■  •'  s  rmai  I  *  i  no  from  t  he  anisotropic  and  spatially  dispersive  character  of 

.  ■  :  ■  :  ■  1  ei  *  r,  f  r ■*  i  i  i : :  .  ti  e  i  i  t  uscui .  ic  t  io  physical  parameters  of  the  vegetative 

:  •  •  *  if  i'd  *  > '  ii  riu  »!■  relative  |  ern i t  t l vi t y  and  the  effect ive  dyadic 

•  j  *  i  1  i  1  >  t  y  i  r  rlrwr  t-  l  .  f  i:  1  fit  describing  the  equivalent  continuous  forest 

:  .  Ac.  .1  fiat  is*  i ,  . ,  1  date  '(n  i  ii  i;:g  trunk  .aid  leaf  chat  act  er  i  sties  are  discussed 

1  r  -  le  la  T  il  uui  '-ric  i!  :  I*r ..  Tlie  model  is  then  used  to  derive  the  specific 

*  •  ■  ■  ‘  i  ■  i  b  a  *  er  i  a  t  i . .;  ia**)  r  i  1 1  i  i  :  r 1  ail"  to  t  be  r  •  'a  ti  (  coherent  )  field  in  tree  trunks 


’  '  i  ' .  ‘  i  ’  ■!  ■ '  ■  ■  a  fie  ri'i  I  i  :;i  a'  ■■..ill  ,  a  ;  c  :i  in  ,  s  which  treat  t  lie  forest  as  a 
'  a  i  i  *  i  ■ .  ■  -  i  i  .  'filar  *  *:ia'  '  i  f  If),  i  1  f  lioi,..jli  aii  i.  sot  ti  i|  i  c  .  The  mode  Is  are 

v-  >|.  a .  t  f  :  I  G  ■  a  r  r  i  nq  a.  c  <  ma  ■•.  (uencr  ■  of  combined  direct, 

ad  -*  ■:  ;■  n*  Id  r-  at.  i  <  j  i  . :  ,d  i  ■  I  1  *  i  *  1 .  m :  .  In.  the  filial  sect  ion  the 

•  v  *  .  :*>.  I  *  1  r* ■  i  ii :  !'  ■ .  r  :  ■  ■  r  *  r  a  n:  f  ■  t  m  *  .u  hu  i  •  i  ■  a  a.  *  r  ■  '  iei  i  ve  t  tie  e  (  t  eel  s  important 

1  ■  -  i*  1  '  /  s  *  '  ■  u  ,  . '  1  ■ ;  :  i  nq  .a ,  1  ■  <  r *  fq  cn  si  and  t  wo-  t  i  cquency  cor  re  1  at  ion 

T  .  -  ,c  1  r  *’.  ■!]■!'  i  ..  ,  '  1 .  f  at  a  r  -  ■  l  bin:  1  <  <  i  .  ;  r  <■  ve  t  I  >  ■  :  ,,  .a  e  1  s  arid  to  conduct 

a  1  '■  ■  ■  e  '  I  r  e-  er  *  t  .  .  '  1  I  !a  t  e  fa  T  •'  t  1  .  a  1  .iHMII  |.l  Inllil. 


■  t  i  :■  * 


ill  1" 


DISC  I  SSIOV 


f  \\  .l  ampcrt,  C  ic 

In  \  i  hi  r  paper  sou  JkI  mu  discuss  cl  I  cuts  of  aircraft  tl\ inti  across  the  common  volume,  at  Icasi  in  I  mope.  I  belies  c  that 
llus  is  ,tn  important  I  actor  limitin';  .isailabilils  ami  perlbrniaiice  of  the  channel:  Jo  models  exist  ss  Inch  qua  nt  it  at  is  els 
deset  i be  tins  ellecl  ’ 


\uth<ir's  Reply 

I  knoss  ol  no  models  lor  tins  problem.  I  losses er.  this  does  not  mean  one  Joes  not  exist.  We  has e  obserseJ  the  ptoblem 
lot  mans  seals.  I  suppose  see  must  put  it  in  the  catcgorv  ss  ith  the  dynamic  unkimss  ns,  and  hope  that  it  ssill  reccise  some 
Inline  aUenUon. 


I  Boithias.  t  i 

i  1  l  \  quelle  frequence  correspondent  les  resultats  de  la  figure  S'.’ 

t  ' )  la  ttgure  I  u  coi  respond  a  des  mesures  sur  un  trajet  maritime,  ('oniment  asc/-v<uis  separc  les  trajets  multiples  Jus 
a  l  atmosphetc  Jc  ceux  ilus  a  des  reflexions  sur  la  flier.’ 

t  <  i  \se/  sous  etudie  la  relation  entre  la  marge  clfecnxe  d'evanouissenient  et  la  longueur  du  trajel  ’ 

Vuthor's  Repls 

1 1  )  l  hc  mcasuieinents  sscre  all  made  using  the  I  I  S  (  hannel  Probe,  sxlneh  operates  at  S .(>  (11 1/  using  ;t  I’RBS  test 
signal  clocked  at  I  5< >  Ml  I/. 

i  2 )  Reflections  trom  the  sea  surlace  on  this  link,  under  standard  ret  r  act  is  it  y  (k  =  4  .1).  would  produce  a  delay  on  the 

ider  of  2  ns.  Hie  geometry  ol  the  link  and  the  i  0  ft  (  J  m)  parabolas  used  for  the  antennas  discriminate  against  this 
component.  We  have  anals/ed  the  channel  probe  responses  looking  lor  the  surface  reflection.  When  it  is  seen,  sic 
find  it  at  levels  some  2d  to  dll  JB  below  the  direct  response,  and  dispersive  due  to  the  surlace  roughness.  Huts,  it  is 
fairly  easy  to  distinguish  the  atmospheric  component  from  the  surface  component. 

I  H  At  this  tune  sxe  have  not  anals/ed  all  ol  out  data  from  these  tests.  We  intend  to  study  the  relationship  noted  in  your 
question,  and  ssill  report  on  these  results  at  a  later  tune. 


I  ?•  :«<t)  I 
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Figure  8.  Multipath  delay  measured  over  LOS  microwave  links  In 
Kurope  and  the  United  States  compared  with  analytical 
bounds.  The  boundary  from  [50]  has  a  cubic  dependence 
on  path  length;  the  linear  bounds  are  based  on  link 
geometry  and  antenna  beamwidth. 
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Figure  9 
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.  Fstiraates  of  the  upper  bound  on  digital  system 
performance  due  to  multipath  in  a  l.OS  microwave 
channel.  Curve  1  is  taken  from  (48);  the  other 
curves  are  modified  as  discussed  in  the  text. 
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Figure  4.  Comparison  in  real  time  of  the  ob¬ 
served  BER  performance  and  the  IF 
spectrum  of  the  received  signal  S(f) 
for  the  400  Mb/s  digital  transmission 
tests  described  in  [39]. 


RECEIVED  RF  SIGNAL  LEVEL  (dBm) 


Figure  ^ .  Digital  BER  performance  measured 
over  a  1 ine-of-sight  path  in 
eastern  Colorado  at  11  GHz.  Each 
data  point  1b  for  a  five-minute 
sample  (2:  March,  1975;  0100-0730 
MDT).  Hie  tests  are  described 
In  [40]. 


a  b 


RECEIVED  SIGNAL  LEVEL 


Figure  5.  Storage  oscilloscope  displays  of  the 

BER  performance  vs  the  received  signal 
level  for  the  400  Mb/s  digital  trans¬ 
mission  tests  described  in  [39].  Sig¬ 
nal  power  increases  to  the  right. 
Development  of  each  4  minute  sample  is 
illustrated  by  the  arrows  at  the  left 
of  each  display. 
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Figure  7.  An  illustration  of  the  test  results 
for  the  digital  LOS  system 
described  in  [43].  The  effective 
fade  margin  for  test  no.  2  corre¬ 
sponds  to  40  dB,  however,  the  sys¬ 
tem  outage  time  is  greater  than 
that  for  test  no.  1  due  to  the 
anomalous  multipath  fading  during 
test  no.  2. 
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that  they  ran  be  fairly  rapid.  Delay  changes  have  been  observed  on  the  order  of  a  few  ns/s.  A  rate  of 
1  ns/s  would  result  in  the  59  nulls  (in  our  example)  passing  through  the  signal  spectrum  in  approximate! 

s.  I'he  resulting  dispersion  could  be  serious,  and  it  seems  reasonable  to  speculate  that  it  could 
result  in  short-term  error  bursts  as  those  noted  above. 

Channel  probe  measurements  may  be  the  best  available  technique  to  develop  the  short-term  statistics 
for  existing  meteorological  conditions.  The  propagation  in  the  ! .OS  channel  is  influenced  by  the 
meteorology  over  the  entire  path,  and  a  direct  characterization  beyond  that  suggested  in  Section  5  may 
he  an  impossible  task.  The  data  being  developed  from  the  probe  measurements  today  include  the  rates  of 
change  of  all  factors  listed  in  Table  3.  We  anticipate  that  these  data  will  begin  to  answer  the  need 
for  the  short-term  statistical  characterization.  They  should  provide  the  dynamic  features  for  the  model 
given  in  (3)  that  will  represent  more  realistic  conditions  than  the  analytically  tractable  situation  of 
a  fixed  delay.  Specifically,  we  expect  these  statistics  to  play  an  important  roll  in  implementing  a 
channel  simulator  that  is  the  subject  of  a  companion  paper  at  this  symposium  [60]. 


Tabla  1.  Multipath  Characcerlaclca  of  Tropoacattor  Transmission 
Important  Parameters  and  Features: 

Standard  deviation  of  delay-power  spectrum  (<r)  used  to  characterize  dispersion  property 
Dispersion  measurements  reported  in  2a  values 

Delay  power  spectrum  modeled  by  a  gamma  function;  greatest  power  from  lower  portion  of  common  volume 
Digital  performance  dependent  on  2d/T,  where  T  is  symbol  length  In  transmission 
Intersymbol  Interference  increases  with  increase  In  2o/T 
Path  length/propagation  mode;  ratio  of  specular  to  scatter  power 
-  Effective  vs  potential  common  volume 

Data  Summary: 

2c  measured  over  limited  number  of  paths;  range  0.0)  to  0.38  us  over  paths  138  to  270  km  (86  to  168  ml) 
Larger  delay  spread  observed  in  mixed-mode  propagation  (diffraction/scatter) 

Seasonal  variation  in  2?  not  significant 

Diurnal  trend;  2c  larger  during  winter  morning  than  afternoon 

2c  smaller  during  Sumner  morning  than  afternoon 
Large  volume  of  data  available  for  path  loss  models;  provides  fairly  reliable  predictions 
Very  small  volume  of  2a  data;  no  comparable  prediction  reliability 

Mixed  mode  propagation  shows  added  dependence  on  differential  delay;  specular  vs  scatter  components 

or  relation  Properties: 

"p  I  Not  slgnlf leant 

-*  >'»  ■  over  long  samples 

-•  VS  k  I 

vs  Moderate  (0.5  -  0.6)  for  longer  sample 

vs  ^  High,  on  order  0.9 

M«  r..;v:ii  or  .near taint t«» : 

Maximum  delay-spread  valuee 
for  Longer  paths 
.’.j  variation  with  frequency 
■  2c  va  ef iectlve/potential  cooson  volume 


Legend : 

Lp  -  path  loss 

N  -  surface  refractivlty 
R  -  earth  radius  factor 


Antenna  foreground  effects 

Ccsamon  volume  size;  effective  vs  potential 

Meteorological  values  and  variances; 

(scale  of  turbulence,  temp.,  pressure, 
humidity) 


Table  2.  Summary  of  System  Performance  in  LOS  Channels 


Description  of  Test* 
and  Test  Parameters 

M  f'SK  'h  Mb  '•  6  '  Hz 

■'•2.5  km  (?#>.•«  ml )  link 
N  •ndlvetsity  (28  Jays) 
Space  diversity  fal  days) 
phase  IF  romblner 
flat  I  a  le  margin  -'.6 . 3  IB 
for  BIR-;0'J 
BW  -  30  MHz 


>1  m*  s  8  Ml* 

■I  if  Ol.-’  nil  1  ink 
Nor.  i  |  v<-  r  e  1 1  y  and  n pec ** 
•iiv.  pi-. see  If  rmblner 
Tv  i  f ••riiatv  e  nhje-tive 
fro'',  of  outage 


flat  ’.lie  margin  (.8  ilt 
BW  -  Vj  MHz 


I*4  ■  'AM  2 "■'i  Mb /a  >  Hz 
:  -K’.l  t*  Ion  tests  3.8  ns 
•  i  k  i>  i  II .  ml )  link 
*i  -i-ilvetii'y  and  spare 
ii-  in  phase  rf 


ii.ir  fade  margin  )•*.-’  IB 
far  REF  0“ 


■ip-.'er  siei  liite.J  testa 
f  rsv.  OJPSIt  end  R  PSK 
stem  lest  of  >iS  Mbs 
1  ■b’PSK  In  laboratory 
it  ig*  -  r  t  car  f  a 
II VR  •  in  “ 


Measured 
rarameters 
BLR  In  1  a 
Spectrum  sampling 
1.1  MHz  spacing 
Peak-to  peak 
amplitude  die- 

spectrum 


Slgnlf li ant  Results 
_  < IF  °  Improvement  Factor) 

Digital  radio  "fragile"  to  multipath 
Modest  in-band  dispersion  0.2  dB/MHz 
sufficient  to  cause  BFRM0  ^  at 
average  power  fade  of  20  dB 
Nondiversity  missed  objective 
by  factor  of  9 
Estimated  diversity  IF  -  6 
Introduced  "effective  fade  margin" 
Ave.  power  fade  poor  Indicator  of 
performance 


Author  (.'••■timents 


Fngi  neering  will  require  (.ireful 
t  r aden f f  s  vl t  h : 
path  length 

space  divers! t y /antenna  spacing 
adaptive  equalizers 
sensitivity  to  si lertlve  fading 
For  In- phase  If  cur-*-  l  n  I  tig  ,  if  ••tit- 

signal  is  dispersive,  t  fie  i  i'fnt  1  lie r 
output  Is  1  ike  1 v  to  he  dispersive 


BLR  simultaneously  Multipath  outage  much  higher  than  High  degree  1  •••in  l  it  in  between 

In  horn  refli*c-  predicted  from  flat  fade  margin  outage  and  amplitude  slope  dispersing 

tor.  space  llv.  Nondiversity  performance  a  factor  of  No  similar  »  .<r  relat  i<»n  with  quadrat  It 

parab- ,  combined  700  from  objective  distort i>-n 

Spectrum  sampling  Primary  cause  of  outage  was  in-band  linear  amplitude  dist  rti  -n  dominate*:, 

at  S  treq  In  distortion  from  freq.  selective  delay  distortion  'o.ill 

30  MHz  fading  Suggests  linear  stupe  equalizer 

Phase  adaptive  diversity  combing 
very  effective  (IF  -  38) 

Diversity  combining  with  adaptive 
equalizer  more  effective  (11*20) 

Adaptive  equalizer  alone  provided 
■1*2 


BLR  «  >0  Mb/s 
Spectrum  samp l I ng 
et  3  f requeue les 
6FF  a lmul teneous ly 
In  notid  i vers  1 1  y 
and  apace  dlv. 


In  hand  -I  lepers  ion  of  4  dB 
*r'.l  IB. 'MHz)  i  a  uses  outage  of 
BfR-l't 

Results  for  in  band  dispersion 

insensitive  to  value  ol  delay  for 
both  diversity  and  nnndi vet s i t y 
Outage  probability  in  field  teats 
correspond#  to  5  dB  In-band 
dispersion 


1  inear  imp  1  1 1  ude  disj 
Linear  dl  spur  s  1  •>:-,  or- 
greater  than  qu.idt. 
Pointed  unt  r  t-e  i— nmi 
■  ■ondi  t  I  on  in  nnl  t  i  | 


S'*i  degradation  Por  eq'ial  signal  spectrum  Measured  and  simulat'd  results 

due  to  amplitude  -  *;P'iK  least  degraded /amp .  dist.  for  4S  Mh/s  <»p’.K  'vsiem  n-mp-ire 

and  felrv  ■  x.ipSlt  least  degraded/de  lav  dist.  favorably 

distortion  For  equal  bit  rotes 

■)PSR  least  degraded/ amp .  dist. 

•  v)P  SK  least  degraded/dr  lay  dist. 
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bxper  i  munt to  :>uLU:r  character  l/e  the  '  >S  channel  arc  in  progress,  along  wit!;  system  per  M 
•  ■•'t-.  ihe  channel  probe  ::iLMSurc!r.iiLUb  at  microwave  frequencies  are  continuing,  and  are  being 
.  '-it-  ::i  Li  I  L  me  ter  range  by  the  MS  mb  the  Air  :  -  'fee  1  :>s,  private  communi  cat  iun  ]  .  .V  .uv  » I  s* ••  •  ■ 

■  i  i  1 .  u*  work  under  way  in  the  '  nited  k  i  mylar.'.  [private  communication]. 


ihe  most  important  unknown  characteristic.  oi  the  luS  channel  appears  lo  be  its  short-term  dvnami. 
sire.  in  Section  4,  we  discussed  two  examples  of  anamolous  conditions  that  were  reported  in  system 
■:h*ri:iance  tests.  Recent  measurements  made  by  the  MS  have  also  revealed  a  potential  sour-  e  ■»:'  dig::  «! 
or  that  has  not  been  previously  reported.  In  these  tests,  a  special  burst-error  analy/er  we.  u  >ed  t 
isure  the  performance  of  a  4b  Mb/s  8  RSK  system  in  a  channel  with  very  dynamic  multipath  feiture- 
i,J7j.  1  he  Lest  instrumentation  and  data  acquisition  methods  are  given  in  !.’7],  but  the  result*  oj 
■sc  tests  have  not  been  published.  We  anticipate  a  report  prior  to  the  end  of  IMS'.  |  >9  ] .  :.;e  inure- 

:  result,  from  these  tests  is  a  disproportionately  large  number  of  error  bursts  that  Occur  in  wrv  her 
A-rvals  of  time.  Roughly,  these  bursts  of  error  show  50 T'  of  the  received  bits  to  he  in  err  r  when  tor. 
vd  with  the  length  of  the  burst  (both  parameters  are  measured).  We  do  not  know  at  tills  time  how  ti.e.*. 
■rt  bursts  of  error  are  distributed  with  respect  to  each  other.  The  analyses  to  date  only  show  the 
i ■  ■  i  t. y  distributions  of  number  of  errors,  and  the  length  of  the  bursts  In  bits.  ihc  distribution'  d>» 
siiitt  significantly  as  the  analysis  period  is  changed  over  several  hours.  This  suggests  that  the 
s os.,  may  Nr  stationary,  but  its  cause  is  currently  unknown.  The  data  are  being  scrutinized  will 
‘post,  to  the  dynamic  factors  that  can  be  identified  from  the  measured  impulse  response  data. 

•ur  . ;  t  tidy  of  measured  impulse  response  data  from  I  .OS  circuits  has  shown  that  there  are  four  imp'  r- 
it  dvii. i?:. i c  factors.  i’huse  are  listed  in  iable  3. 

.able  3.  Ihe  dynamic  Factors  of  Multipath 

1.  bhaage  in  relative  magnitudes  between  direct  and  delayed  components. 

Change  in  relative  phase  between  components. 

5.  Change  in  delay  time  between  components. 

A.  Sudden  development  or  collapse  of  a  multipath  component. 

v  ■  1  md  »  in  i able  3  may  appear  to  be  redundant.  However,  we  list  them  separately  because  4  ib  a 
;•.!  use  of  1  that  ^aa  produce  a  rapid  loss  of  synchronization  in  the  data  stream.  lo  facilitate 
li  :>•  ussion  of  the  various  effects,  we  present  a  simplified  model  of  a  two-path  transmission  channel 
icuro  11.  T tie  magnitude  of  the  theoretical  frequency  transfer  functions  for  two  different  values 
hliv  ire  sketched  in  this  figure,  based  on  the  assumption  of  nearly  equal  magnitudes  for  the 
, ;  i  :'-it  •  i  signals.  In  addition,  the  function  for  a  10  ns  delay  is  sketched  for  both  an  in-phase  and 
i  •  -  y  p  •  in/  condition.  Ihe  spacing  between  adjacent  frequency  nulls  (_\f  )  is  given  by 


the  'delay  time  between  the  multipath  signals.  The  location  of  the  nulls  on  the  frequency  u\i 


u  i  ;  *  series  of  either  even  or  odd  integers  depending  on  the  relative  phase  of  the  multipath  com- 
..  if  tin1  components  are  out  of  phase,  the  series  Is  even.  Tor  in-phase  conditions,  the  series 
;.  Mu-  :  'ic tor  n  is  thus  equivalent  to  the  ■  f  \  Fresnel  /.ones  in  reflective  multipath,  where  >  is 
L«-n. -Lit  of  the  carrier  frequency.  ihe  value  of  n  for  the  situations  sketched  in  Figure  11  is 
ite.i  .ju  l he  figure.  ior  illustrative  purposes,  we  have  sketched  a  20  MHz  signal  bandwidth  centered 
atrior  frequency  of  /.33  »-Ui.  frequency  selective  fades  due  to  a  10  ns  delay  and  a  1  ns  delay 
.•n  fill  within  this  signal  spectrum. 


fir  . l  fu-.t/r  of  .able  3  is  very  straightforward.  As  the  relative  magnitude  of  the  component -• 

.  t  :.e  depth  o*'  the  i  requeue  y  selective  lade  changes.  The  second  factor  is  illustrated  with  t  he 
ie  1  iv  :  und  ions ;  an  in-phase  relationship  places  a  null  directly  in  the  center  of  the  signal  pas/ 
in!  i  ;  a.ise-oppOb  i  :ig  condition  has  no  appreciable  effect. 

•  i  ,  •/•  f  i:,.  b  i.-.ipfu]  to  cons  i  let*  the  transfer  function  as  a  rubber  band — one  that  retain./  it/ 

d.ape  in  a/.nitu.h,  but  changes  it-,  nui  1  -to-null  spacing  and/or  position  along  the  frequency 

••  the  a  a  i  re  I  itive  p:.. ise  ci.ance.  the  Junction  retains  the  null-to-null  spaeii.g,  but  the 
i  e  along  tin.  :  rvqueney  ax  i  s .  -hen  this  occurs,  it  is  obvious  that  one  tor  mere '  in 

•  ull.j  ir-‘  Mrely  :.w-  im.pir.ge  on  the  sign.il  pass  band.  This  is  a  common  occurrence  in  aim<v>pi:eri 
if':;.  .  the  time  ieiay  chati/es ,  t:.e  select  i  vo  nulls  also  move  along  the  axis.  In  this  case , 

■  ,  're  s-  r  btad"  •  ur.et  i  on  i  -  an- -ho  red  at.  zero  frequency  and  it  stretches  oi  oont  ra-/t  :l  the 
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eristic  ti:at  has.  been  essentially  overlooked  in  most 
y  serious  problem  with  respect  to  digital  performance 
*  :  i  listed  in  iable  3.  lo  illustrate  this,  wo  cons 

:  in  :  igure  11  that  are  within  the  signal  pass  band, 
i  component ,  where  n  ~  1»7.  Ihe  second  would  result 
~  20b.  in  a  multipath  environment  where  the  delayed 
of  the  transfer  function  nulls  will  move  through  the 
/an  assume  that  the  delay  time  changes  from  10  to  14 
noted  in  figure  11,  one  concludes  that  up  to  M  null 
period  in  which  i he  component  delay  changes  take  pi  a 
ed  at  present,  hut.  based  on  impulse  response  data  we 
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where  .  is  the  vortical  distance  from  the  straight-line  path  between  antennas  to  the  ellipse,  d]  and  d? 
are  the  distances  from  each  terminal  to  the  point  of  calculation  (I)  =  dj  +  dp),  t  is  the  mean  delay 
value,  and  Ap  i'*  the  path  length  difference  for  the  value  of  t.  Distances  are  in  km,  t  in  ns,  and  Ap  in 
meters.  Thi‘-  method  is  much  simpler  than  ray  tracing,  and  it  allows  for  nonuniform  layer  conditions. 


1  he  discussion  above  outlines  the  application  of  meteorological  data,  first  in  a  statistical  sense, 
and  secondly  in  a  discrete  sense  for  specific  conditions.  In  order  to  provide  a  complete  model  that 
includes  the  meteorology  for  prediction  purposes,  there  is  not  sufficient  data  available.  Before 
installing  any  given  system  over  any  path,  one  would  like  to  predict  its  performance.  With  the  present 
models  illustrated  by  figure  9,  we  can  only  estimate  the  upper  bound,  and  then  only  with  some 
uncertainty.  However,  if  one  had  a  statistical  model  such  as  that  presented  in  Eq.  (7)  that  was 
accurate  for  the  particular  location  of  the  path,  one  could  predict  the  performance  of  a  system  with 
lair  accuracy.  Knowing  the  true  distribution  of  t  over  the  performance  interval  of  interest  (hour,  day, 
month,  etc.),  coupled  with  a  confident  prediction  ¥hat  this  condition  will  exi9t,  one  can  forecast  the 
lone-term  performance.  To  carry  this  proposition  to  any  region  of  interest  would  be  a  monumental 
iisk.  There  are,  however,  data  available  that  permit  some  gross  modeling  of  this  type. 


.wo  recent  studies  by  the  ITS  address  the  regional  aspects  of  the  meteorological  data  base.  Refer¬ 
ence  [:‘>2{  presents  a  statistical  compilation  of  data  to  predict  the  likelihood  of  key  parameters  asso¬ 
ciated  with,  ducting,  as  well  as  the  annual  and  worst-month  occurrences  of  elevated  ducting.  The  data 
were  taken  from  107  observing  stations  spread  throughout  the  United  States,  and  consists  of  approximately 
3  years  of  radiosonde  recordings.  Humidity  measuring  elements  in  a  radiosonde  are  known  to  be  slow  in 
response.  Ihus,  reference  [53]  develops  a  correction  factor  for  the  radiosonde  data.  Applying  the  corre¬ 
ction  to  5  years  of  data  from  Washington,  D.C.  ,  a  25/.  increase  in  the  annual  occurrence  of  elevated  ducts 
was  predicted  over  the  earlier  uncorrected  data.  This  one  example  exhibits  the  high  degree  of  uncer- 
taintv  in  predicting  elevated  ducting  in  a  given  region,  if  indeed  any  applicable  summary  of  data  exists. 
The  regional  data  in  [52]  is  a  good  starting  point. 

Finer  grain  distributions  are  needed,  like  those  in  [51],  for  many  paths  where  the  path  delays 
are  measured.  We  desire  probability  distributions  that  are  applicable  in  a  given  location  along 
with  estimates  of  the  probability  that  certain  multipath  conditions  will  exist  on  a  regional  basis. 

Those  prediction  techniques  must  eventually  be  focused  on  specific  time  periods.  In  this  discussion, 
and  that  in  Section  4,  we  have  referred  to  the  prevalent  concept  of  the  "worst  fading  month."  This 
period  of  time  is  perhaps  more  appropriate  for  the  analog  channels  than  it  is  to  the  new  era  of  digital 
communications.  Cases  where  anamolous  conditions  effect  the  digital  channel  over  shorter  periods  of 
time  are  more  pronounced,  and  require  a  finer  scale  of  resolution  than  monthly  statistics.  This  sub¬ 
ject  is  discussed  further  in  Section  6. 


A.  PROGRESS  FOR  THE  1980's 

Previous  sections  have  presented  a  review  of  the  multipath  problem  and  its  impact  on  digital 
communication  systems  up  to  the  beginning  of  the  1980's.  This  section  discusses  what  wc  feel  is 
lacking  in  our  knowledge.  The  section  concludes  with  an  outline  of  current  investigations  that 
should  provide  new  data  and  insight. 

Multipath  measurements  in  the  time  domain  arc  continuing  to  be  made  by  the  Air  Force,  t lie  ITS,  and 
others.  Tome  of  these  efforts  are  in  association  with  system  performance  measurements  and  are  supported 
with  meteorological  data.  The  experiments  for  the  troposcatter  channel  are  primarily  under  the  auspices 
if  the  Air  Force  JTCO,  and  are  scheduled  to  continue  for  several  years.  The  multipath  statistics  are 
generally  better  known  for  this  channel  than  they  are  for  the  LOS  channels.  However,  the  early  tropo- 

•  liter  characterization  (summer ized  in  Section  4)  underestimated  the  delay  spreads,  and  the  measure¬ 
ments  did  not  provide  the  dynamic  data  necessary  for  future  developments.  In  addition,  no  meteorological 
data  were  taken.  Current  study  and  experimental  programs  devoted  to  the  snort  tactical  troposcatter 

iiimiel  ire  treating  these  do f iciencies .  New  and  improved  probing  techniques  are  being  applied  to 
•diannei  measurements  in  the  tactical  test  program,  and  meteorological  data  are  being  acquired. 

The  troposcatter  channel  should  be  more  amenable  to  meteorological  measurements  for  fine  scale 
fracture,  since  (presumably)  the  common  volume  is  the  most  important  area  and  can  be  defined  fairly 
readily  in  the  atmosphere.  Its  height  above  the  surface  may  be  the  restricting  factor  for  conventional 
■■  •  isurcruT.  tv v  However,  a  program  is  under  way  by  the  AFC  I.  to  provide  airborne  measurements  using  refrac- 
f  i t •  r s  in  the  region  of  the  common  volumes.  Recent  work  performed  by  the  National  Oceanic  and  Atmo- 
ghrii  Administration  (NOAA)  lias  shown  promise  in  remote  sensing  of  the  common  volume,  using  FM-CW  ami 
i  > m  it  if  radar  [V,].  correlations  between  these  measurements  and  probe  or  RAKK  data  should  he  forthoon- 
i : i : ; .  ■  i ;e re  does  appear  to  be  a  serious  lack  of  information  concerning  the  delay-spread  values  for  longer 

•  trarogic  sr.it ter  channels.  Fink  upgrade  analyses  performed  recently  [55]  for  many  of  these  links  have 
i  :u  iud-  ii  only  estimated  delay-spread  parameters,  from  computer  models  that  by  themselves  have  not  been 
v*  i  if:-  d -  iJ**  1  ay-spread  measurements  have  been  made  recently  on  two  European  links  where  diffraction 

:  .p omnit s  were  found  to  change  the  expected  values  [56],  We  would  recommend  that  more  measurements  be 

t--'  provide  impulse  response  data  for  these  channels,  prior  to  their  conversion  from  analog,  t.o  digital 
r  r  in  ;m i  ,-» ion .  Models  of  the  troposcatter  channel  have  improved  f DCA  private  communication,  :w],  and  thee 
:  r-'vide  more  realistic  estimates  of  the  delay  spread.  However,  more  verification  of  those  models  is 
aad  meteorological  parameters  are  required  to  facilitate  and  confirm  the  latest  mode  l  given 

;  -i  !'•/[. 


:>i' '■  •  "■  max  i  i:r.  d.-la  .  !’  •  that  the  ■  depend*  nee  is  1 1 1:;1 1 « -• !  to  nppn  >  x  i  mat  e  1 

in  pat  :i  ]>*:*.  *ri.,  and  a  I  I:.-.-  i  r  iepouden.  .  is  applicable  to  longer  paths.  this  rv- 
:  ‘  t.n.-  ]  os  i  on  rvuerad  ad.v-  ,  on-!  the  ru  ievun.a:  of  the  boundar  i  t;'-  shown  in  i inure 

r  d.  i-i  1  so  develops  a  prcbab  i  l  i  i  .•  dir.tribut  Ion  o!  path- length  di  ft  urciirt1  for  multi- 
ns  ,  5  a  e  .1  on.  a  -wo-rav  multipath  model  given  in  [!»>].  Il  Is  shown  to  eompare 

dis trihut ions  on  two  paihs  in  bipan ,  but  tije  confidence  ot  the  fit  is  not  pre- 
hit.  l  were  *  ahen  I  to:::  I  O' nr  diiier.-nt  -.ear.;  between  1  ‘  ^  r>  0  anil  19b  J.  lhe  probabillt'. 
.  ■  i  Ve  :i  as  a  normal i  /o-d  function, 

11.3  I*.  (4  fill z) 

> -o  -  — ;; -  .  (?) 


f  ;  ,  3.3 

!’  =  < 1  (,)  ‘  1>  ,  (8) 

K  • » 

i:.  :  (  •  11/  >  is  tiie  value  of  Kq.  (3)  at  f  =  \  t-llz,  lhe  factor  0  is  a  constant  that  is 

pad:  torrilu  conditions:  2.0  y  10  *  for  mountains,  3.1  v  10  *  for  smooth  terrain,  an 
i"  lor  an  /Verwator  path.  In  the  last  expression,  h  Is  an  average  path  height  for  the 
i..  .iii  a  :  ot  distribution  for  multipatii  delays  is  a  statistic  thaL  is  essential  to 

h  i  and  prod  jet  the  I.oS  channel.  ! he  data  sample  used  to  derive  this  model  statistic  is 
ate  in  length,  but  it  does  not  contain  the  path  variability  necessary  to  provide  confidence 
i-'in*.  Similar  data  must  be  developed  to  extend  this  or  similar  models  to  other  regions  of 


■.  t 1;  the  c.!: anne  1  and  meteorological  models  noted  above  are  based  on  ray-tracing  theory.  The  calcu- 
* r  :.pe..itic  conditions  over  a  path  are  tedious,  unless  a  computer  program  Is  available.  The 
<-r  methods  are  generally  not  adequate  because  of  limitations  on  the  refractive  data  they  can 
:od.iie.  for  example,  those  known  to  tills  author  are  restricted  to  a  single  profile,  and  it  must 
•anted  that  the  refractive  structure  is  uniform  over  the  path.  This  i9  frequently  not  the  case,  as 
•  in  the  following  discussion. 

n  1  27 1  we  have  shown  that  the  measured  values  of  delay  from  atmospheric  multipath  correspond 

jraphii.al  analyses  of  the  link  profile  and  the  refractive  structure.  An  example  of  this  is  shown 
;ure  10.  Figure  10(a)  shows  the  refractive  index  profiles  measured  by  radiosonde  at  the  term- 
of  a  test  link  in  southern  California.  Two  digital  radios  were  under  test  at  this  time.  Their 
'mance  was  good  during  the  morning  hours,  when  the  refractive  layer  was  at  a  higher  elevation, 
tyer  was  moving  downward  at  that  time.  The  performance  of  both  radios  began  to  degrade  notice- 
iround  .1300  7.  on  this  date.  The  refractive  profiles  measured  at  both  terminals  between  1600  and 
show  that  the  base  of  the  inversion  had  lowered  to  an  elevation  between  600  and  800  m,  and  it 
proximate!;/  J00  m  lower  at  the  San  Nicolas  Island  (SNI)  terminal.  In  addition,  both  afternoon 
es  show  a  subrefractive  gradient  near  the  surface.  A  near  standard  gradient  is  seen  from  the 
!  the  layer  down  to  approximately  150  m  to  250  m.  The  elevations  of  the  radio  terminals  at 
i  Peak  (I.P)  and  SNI  are  shown  on  the  ordinate. 

.  probability  density  of  the  delays  measured  with  the  PRBS  probe  during  the  afternoon  hours  showed 
■it  delay  values  of  3  and  14  ns;  the  highest  density  and  component  magntiude  was  observed  at 

Hicsc  data  can  be  directly  compared  with  the  channel  conditions  where  the  refractive  structure 
>wn.  Figure  10(h)  illustrates  the  above  path  conditions.  The  superref rac tive  layer  Is  shown  in 
laded  are  i,  plotted  on  the  basis  of  a  4/3  (standard  ref ractivi tv )  earth  radius,  which  also  applies 
1  i d- 1  i ne  surface  profile.  The  radio  terminals  are  within  the  standard  refractivity  region, 
if  direct-path  radio  rays  are  plotted  as  straight  lines.  For  the  measured  delay-spread  values 
uid  1  *  a-,  two  iocii  (hal f-el J ipse  for  each)  have  been  plotted  on  the  figure.  These  Fresnel 
.  ■  i si do  1  i in.-  cbe  Locus  of  all  points  from  which  multipath  signals  could  emanate  with  the  given 
v  *  1  in* ,  i-  t  i:e  signals  were  reflected.  Note  that  the  14  ns  ellipse  is  tangential  to  the  rcfrac- 
aycr,  -«  cl i mi;  indication  that  the  layer  is  the  source  of  the  multipath  with  that  delay  value. 

he  source  o i  ti.e  .shorter  3  ns  delay  is  not  as  well  defined.  We  note  that  this  ellipse  does  not 
■  pond  t.  -  anv  -t  core  1  eg  i  ca  L  feature,  and  it  is  not  tangential,  to  the  4/3  earth  profile.  lhe  subre- 
jr.idi.ML  .  it  t.h'-  lov-.r  elevation  in  the  radiosonde  data  become  important  in  tills  case.  Both 

•  ■  ,!ind  i  u.m  di.jw  \  s  i  gn  i  **i  cant  ,  positive  gradient  that  will  affect  the  propagation  near  the 

•  .air'd  ♦. .  A  :  t  iio  1  of  .analyzing  Liu.*  subrefractive  region  is  included  in  Figure  10,  First,  the 

1  ■  is-  ‘  r*.gd:i  and  the  subrof rac. t ive  regions  has  been  sketched  near  the  elevation 

■  •  •  i  •  - 1 ■  ■■  • : ;  1 ,  w-  sk.-t-  ..  *  ha  1 ‘'-power  boamw i dtii?-  of  the  antennas  (  lower  hounds)  within  the 

..  -  •  d.'  ;  •  M : '  ■  ■ .  i ;  ...  i  ->e  .  t  i&n  o!  these  linos  with  the  boundary  for  the  sub  ref  rant  ive 

■  i  i  b  !  •  a  .•  v  propagation  patii.  hadio  rays  iron  the  terminals  would  follow  •ur.e'rji! 

'-.id  t  ..■  *  i. da?  ;  r,i  Tiv--  re  ;  ion.  \t  tho  intersection  with  the  ■;ui»rof  rac  1 1  ve  iv 

H  :  .r“.-  •  ....  i  ;  v.  r  a  f  i..oc'l  r-  ::efore  rising  again  to  the  antenna-.  At.  these  points, 

•  ■  i  '  if  pr  ;.i‘.  ;  on  p.»L;:.  .  in';  new  path  would  exist  onlv  witiiln  l  In-  subr-Traot  i  ve 

.  :  ■  .'  •  i  :  v-  it'  r .  i  pr.e  il--  may  <  omputed  .  Net:*/  that,  die  sernn.lar;  pat.;-,  js  nmr.hlv 

yarn,  ini  *  r  :  i  ,,  reason  the  e!!«-cLiVe  earth  protile  will  an- i  .h  rah  1  •/ 

;  t  •  1  ?  a  ’  i  .'•  .;•"■;;■  '•  .  :;<•  *  .o  !  i  '  :  e  !  •  art  a-  cir  face  profile  for  tin*  ;u!-r*.  fraet  ive  ;  » f  i  *.  i  • 

i  nr  '  I  -  da  h.  d-  :  in-  nr  v<  ,  yi-Cf-.l  for  a  i  -  1  (typi-.al  of  r.o*!*.-ra!  •  -u*-r«-  f  ra-  t  J  v  i  t.  • »  , 

•■•  .  ’■  :*  •  i . .  !  ■  1  .in  i  •<  u  •  •  ct  t*c-  .pcn-ir.  to  trie  mo-.i  if  i  *  ■  I  surface.  i  la.  imp.-r'ant  1 1 

a  ;  *  .  i  i  r  i  ,  griphi  d  a;  pr-.a-n.  :.m  ’>•  e  f  t t  i  ve  l  y  us»=d  to  find  at  least  a  .r--.n  •orre- 

:  •  ■  .  ;  .a  i  t  i  :  \r. :.  1*  lay  -  an-1  th..  ilr.Or.pher  l  c /surface  protilos.  ihcr  ■/xampl.  >  me-'  1  *■  f  mud 

,  '  ;  .  I  a-  !  din.'  .i  edition  winrm  tin:  Iiti’r  terminals  are  within  a  strong  dui.fi  ng.  Fr  -  r.  i  h«- 

:  ,  : :  *  :  i  i  -rni’sH  ii  method  an  t«-  niotted  directlv  on  the  modified  profile  riot  :■•••  u  in.- 


•  is  Li;-.-  path  length  in  miles.  (his  expression  was  combine. 1  with  !  O  >  in  ;  dj  :  ■  derive  a  h  ’im,! 
ter  Liu-  "’'leaking  point”  of  several  digital  systems.  (he  breaking  point  was  defined  a»  ti.it  =  .  »n  i  i  t  i  ■  -u 
wlu-re  tin*  multipath  delay  distortion  would  cause  a  BLR  >  It)  .  Ihis  conditi  >n  was  est  a!* i  i  died  In  the 

laboratory  for  a  ratio  of  t/t  as  a  function  of  fade  depth,  where  -  is  the  symbol  Juration  of  the  sy*.ter. 

tested,  harrying  the  development  further,  an  estimate  for  the  upper  bound  for  system  failure  in  the 
"worst  lading  month"  was  derived.  The  work  in  [49]  presents  similar  curves  for  a  yearly  estimate,  as- 

inning  multipath  fading  in  the  three  summer  months,  and  none  for  the  balance  of  the  year. 

Che  striking  conclusion  from  this  modeling  is  that  the  length  of  an  unprotected  channel  for  the 
common  carrier  network  would  be  limited  to  the  order  of  14  km  (15  mi)  or  less  to  meet  tlu*  so  called 
"short-haul  objectives."  ihis  is  a  very  restrictive  result,  imposed  entirely  by  multipath  lading.  How¬ 
ever,  each*  author  has  indicated  the  lack  of  adequate  data  to  accurately  characterize  the  multipath  fading 

statistics,  kmporual  data  are  essential  to  verify  the  model  and  to  provide  the  foundation  for  the 
design  of  adaptive  techniques  that  are  capable  of  improving  the  performance. 

1  he  LiS  has  been  conducting  measurements  of  multipath  in  I  US  circuits  for  several  years,  using  the 
c:BS  channel  probe  mentioned  previously.  This  work  is  summarized  in  Section  6.  However,  before  leaving 
this  discussion,  we  will  present  some  results  that  are  relevant  to  this  model,  and  that  pertain  to  the 
outage  predictions  given  in  [48,49]. 

I'iie  mill  Li  path  delays  to  be  expected  in  a  !.0S  link  as  a  function  of  path  length  have  been  of  conci  rn 

t«»r  some  time.  ihe  value  given  by  Lq .  (4)  was  developed  in  a  comprehensive  treatment  in  [50],  based  on  a 

meteorological  model  that  gives  an  accurate  description  of  the  physical  basis  of  the  multipath  problem, 
it  treats  the  problem  analytically,  by  considering  an  elevated  ducting  layer  in  the  path  that  causes 
multipath  signals  by  refraction.  ihe  ITS  probe  measurements  were  made  over  a  number  of  paths  in  Europe 
and  in  the  United  States,  each  of  which  wTere  known  to  have  multipath  generated  by  such  elevated  layers, 
i'iie  probe  impulse  response  data  were  analyzed  for  statistical  distributions  of  the  measured  delays.  From 
these,  we  have  compiled  the  maximum  delay  and  the  median  delay  values  for  each  distribution.  A  plot  of 
those  data  as  a  function  of  path  length  departs  from  the  theoretical  delay  boundary  computed  from  Eq.  (4). 
'.his  is  illustrated  for  the  measured  maximum  values  In  Figure  8. 

ihe  boundary  lines  plotted  in  Figure  8  are  based  on  a  simplified  geometry.  For  example,  a  heuristic 
argument  can  be  made  that  any  multipath  component  (of  significant  magnitude)  will  have  an  angle  of  arrival 
within  the  half-power  beamwidths  of  the  antennas.  Therefore,  for  any  uniform  refractivity  that  is  not 
•ubst.mdard ,  a  pseudo-maximum  path-length  difference  between  a  direct  and  multipath  ray  can  be  calculated 


(meters ) , 


where  •  is  the  half-power  beamwidth  in  degrees,  and  D  is  the  path  length  in  km.  The  geometry  assumes 
that  tiie  intersection  of  the  antenna  beams  is  at  midpath,  or  l.» / 2 .  belay  time  is  approximately  3.3  ns/m, 
that  tiie  path  delay  for  i!q .  (5)  may  be  written  as 

=  1608  b  tan-  ,  (ns)  .  (0) 

m  2 

.-.V  note  that  tiie  delay  depends  linearly  on  n,  in  contrast  to  the  i>  dependence  in  Eq .  (4).  The  data 
••lotted  i a  !  iguro  are  the  maxima  for  the  data  base.  Some  measurements  were  made  using  1.2  m  (4  ft) 
irab antennas,  and  others  with  2  m  (10  ft)  paraboloids.  Those  data  points  are  distinguished  in  the 
figure,  and  haJ  f -power  locii  based  on  !.<{.  (6)  for  each  set  of  data  are  shown.  There  is  an  empirical 

division  b«  t we  n  the  two  sets  of  data  at  approximately  i)  =  100  km. 

;he  measured  values  of  delay  shown  in  Figure  8  suggest  that  a  delay  boundary  given  by  Eq.  (f>)  is 
i;  more  practical  than  that  of  Fq.  (4),  particularly  for  paths  longer  than  about  20  km.  V.V  have  used 
ihis  boundary  for  one  of  tiie  system  outage  functions  given  in  [48],  to  test  the  impact  that  the  linear  P 

prudence  would  ha vo  >n  tiie  performance  predictions.  Tiie  results  are  plotted  in  Figure  9.  The  modified 

■irv*.-  ,:,_,w  i  that  if  the  linear  path  length  dependence  is  realistic,  the  maximum  path  length  imposed  by 

!  he  *,••  r f.  ]':”.. me*-  objective  'would  be  almost  doubled.  More  important,  however,  are  the  nearly  two  orders  of 

.a  mi  fade  Improv.-meat  in  the  prediction  of  outage  for  longer  I  OS  paths . 

■  irr..  in.;  ’hi  •  .  >mpa  r  i  son  one  step  further,  we  apply  a  diversity  improvement  factor  of  20  (an  arbitrir 
v  1 1 1  ■  h.  :  Vi :  *  - :  i  \,e  reported  in  able  2)  to  the  nondiversity  prediction.  This  result  is  also  plotted  in 
;  1 1 r •  ■»,  bowing  .mother  -ignificant  increase  in  tiie  maximum  path  length,  and  another  order  of  magnitude 
v.  n  i  ■.<  in  •  uta  time  I  or  the  longer  paths.  :  here  remains  a  considerable  uncertainty  about  these 
r.-.-iit  rm.  ing  •  ror:  the  analytical  assumptions  made  in  !  18 ,  V)  ]  to  the  statistical  sign  j  f  i  canoe  <-»f  the 

i  ".nr  rad.  or  use  i .  it  is  eonsi  Jerably  larger  than  that  reported  in  the  !■ ;  1.  tests,  and  smaller  than 

'  •  t?  i  r'.'  l  I: ■  be  I  i -korthern.  iiiest  speculative  result:-.,  have  been  f  unJ  to  have  more  l  a  Is  in  fact 
..  ;rb  i  t  t.-  pitli  length  in  recent  meteorological  modeling.  disiuss  this  in  the  foil  nciiv. 


is  [taper,  we  stated  that  the  morphology  of  the  multipath  phenomenon  must  in¬ 
spect.  ihe  most  important  feature  i,  that  ot  the  elevated  liver  in  the  at no- 
fur  the  multipath  signal,  as  shown  in  ’  >0].  \  lOnsidorablo  amount  oi  work 

Lnosphu  r  i  ■;  feature  with  respect  to  radio  propagation.  ,  im»*  and  space  do  net 
ompreiiens  i.ve  review  of  this  subject.  -•  do  wist,  to  in*.  lud*  e;v  ugh  inform,  <- 
urLanl  parameters  and  the  need  for  additional  Investigations.  A  piper  that 
ents  for  meteorological  data  also  appeared  In  the  1EKI.  pe.  ial  i  .-.ye  on  diri- 
tracinc  methods,  the  authors  first  developed  estimates  d  path  length  dilfer- 
ti.un  to  lucting  layers  in  the  atmosphere .  harfuCe  gradient:-  and  the  gradient 
parameters  for  the  estimates  given  as  fund  ions  of  path  Leorth.  ih**  *  ub  i  ■ 
n  t:S:e  love lopmcnt ,  as  discussed  earlier  in  this  section.  ibwivi  ,  with  finiti 


•  •  •  r  i"  •  Uo.iL  :  :  i  l  low  • :  •  1  r  i  t : .  ti.e  tests.  .  ue  t  at  l  i  nfi  wax  W'-M'-m  :r-.:v  tl.n 

c  -  •  .  ii.  :  •'  re  Me )'  'adix  :i.  -  unbilled  signal  Wcaus*:  highlv  •  >rrel  it*-.:  r’adiup  in 

■  *  he  earlier  Le  •:  hi:  a.  h.-vov-.-r,  the  probability  « >  «j  L .  i  »,*  f  or  the  t«  !  .!  *  i  r  i  :i .  ■ 

i  i  '-'Mie:;  v.\»s  rv  porta  i  t  •  e  o. o  imes  creator  than  rue  o!;  j  0=  u  i  w .  .'Ms  result  i  2  1 1 1  • .  — 

••  ’  :  U:p. :;i. .o  ti, at  is  not  well  character i red .  -r  example  ,  had  ti.«-  fad i nr 

‘  '••••  •  .»st  periods  l  a  on  the  same,  the  later  test  of  the  combinerA-qua)  i  .vr  vouiii  hu%<- 

:  ‘  -  -  r  •  '  :•*  -cvol  desired.  no  i  irst  test  period  vas  shown  to  xe  very  v  *.o>i  le  ’’m 

:  1  r  *  -rst  'adino  month."  -he  later  test,  however,  was  viousiy  worse  in  multipath  fnd- 

;  :  ;■  M  i  l  ,  the  oh  Motive  was  rot  attained.  I  he  conditions  representative  of  this  situation  are 
•  .  i ' .  uvv.  .  :.e  quest  Lons  raised  by  this  obvious  channel  dependent  result  are  a'*  what  is  ?  h«. 

•:  ‘  ■  iiww.al  :ux  yropa  pat  i  pn  v.ond  it  ion ,  and  b)  what  is  its  true  probability  of  occurrence  for  a 

'  ! '  1  pjite  obvious  that  the  condition  of  the  channel  was  not  adequately  accounted  for  in 

o  i  ii  *  ; ; e  "worst  fading  month." 

■  l-il.ir  e.vJital  uisi  con  !i t inn  was  reported!  by  the  investigators  in  the  jirst  t<-  t  discussed 

A  :  i  s*  r  il-uti  on  V  the  percent -of -lime  the  performance  criteria  (BUR  <  l.J  *•  1"  '),  as  a  function 

r  re-  peer  fa!--  Vpth,  -:i  splv/ed  a  normal  type  of  distribution  for  the  uondiwr  Mty  test  data.  [he 
:  the  distribution  corresponded  to  the  effective  fade  margin.  i  iso  distribution  of  the  data 
:iv*  rsi:p  !  -omblner  tests  (conducted  at  a  diiferent  time)  displayed  an  unexpectedly  large  dens- 
■-j  rc-r  events  at  relatively  shallow  fade  depths  between  JO  and  15  JB.  d  he  authors  were  unable  to 
this  s’row  in  the  data.  V.V  submit  that  it  could  likely  be  due  to  the  dynamics  of  the  multipath 
re  n...'  visible  in  th--  data.  V.V  discuss  this  problem  further  in  Section  6. 

•tii..:r  vi.  t  .ompare  these  system  tests  is  as  follows.  I'sing  the  fact  that  the  probability  of 
:  ...  r  tii-  ;  mbi :n. r  b.-.quali.’e r1  test  in  the  Bell  Northern  experiments  was  stated  to  be  3 .  3  times  the 
r : outage  probability  would  have  been  measured  at  7.9  •  10  '  .  If  one  applies  this  figure 
!  :  t > •  s t  period  (e -ual  to  tliat  of  the  BIT.  tests),  the  performance  level  would  have  been  exceeded 

••at  JK  s  i  ‘i'j ■•are d  with  170  s  in  the  BIT.  data).  The  reported  improvement  factor  for  this  test  was 

...  wn  in  ode  d .  Mux,  i  or  diversity  alone  we  might  expect  to  be  below  threshold  for  npproxi- 
••••'■  fit-  in  a  l-dy.'  peri  ad.  ii.is  compares  reasonably  with  die  BTL  result.  However,  these 
Leu.  leive  mu-.: i  t;  i>e  desired,  h'e  cannot  compare  the  two  transmission  channels  with  any  confi- 
i : :  :  would  be  extremely  iiar.l  pressed  to  estimate  performance  of  either  system  in  the  opposite 

!.  :  need  ;>•  r r ;  } rmance  measures  stated  in  a  uniform  way,  such  as  the  SKS  with  specified  diresh- 

i  id  i  t  i  .ui ,  va  iccurate  model  o:.  the  transmission  channel  is  necessary. 


*s  listed  in  ;  able  J,  a  model  has  been  develop*;.] 
■tic  mode  1  i  .>  • -are  fully  developed  in  -1,  . 

I  i  :  i  -j  1  t!,r-;e-  ray  mu  i f  i  path  as  , 


\\( 


for  the  multipath 
^  ,  b..vo-d  an  the 


i  u.  ;  in  ■  j  :  rd  !  s  -  a  i .  *  mi  sl’.ape  ot  ti.e  multip-.it!.  fad**,  -md  :  i  -  tin* 

r  i  m  .r;  ;u-.u;  .y  :  tb-.:  :  a  le  m  i  n  i  r.um  i  ->  given  !■>  .  !  n  order-  to  p.ilr  th  i  *•  nod*.  1 

‘  i  '  :  I  *  t  ^  n.-, ,  i«  ■  r  i  v.  - .  i  from  a  best-fit  approach  t>'  tic  in-hum!  p  'wer  dia- 

’  *  <.=oui  i  b  •  •  n  :  ’hat  ‘  i:e  nolci  of  (;)  includes  the  "luimu:  o.nd  :  i,- :ir:  i  n  i  nun 

a  .  !'■  ..  i  in  eh*.-  c;.-  j  .j  -if  i  -n  nor  ;  he  exponent  term. 


.it  Lx-  san*j  t ;  ,\c  ; 

■  ].  he  first  •.'? 
i  r  i  . a  1. ! for  i  ved 


).••  pred.i.  i  svat.-u  outage  und*>r  mult  i  put  h  >  on  did  i-m 
»'*]  tii.it  are  s.on.-what  de|)endcnt  on  i-uch  otic  r,  and  ’''th 
1 1  i e s «.  lev-- 1  - >p!:n.-nts  provides  .in  upper-hound  estimate  ot  t!i»- 
p-tramelers  .  h*.  s-.-cond  paper  is  ana]  y  t.  i  :al  1 mere  ric.orou 


n  :  or 


o.ur 


2.0  ELECTROMAGNETIC  MODELING  OE  FORESTS 


The  electromagnetic  modeling  of  forests  can  proceed  from  two  fundamental  points  of  view: 
the  first  describes  the  forest  medium  by  a  (  possibly  time-variant  and/or  anisotropic) 
stochastic  permittivity  which  is  spatially  continuous:  the  second  describes  it  by  a 
(possibly  time-variant  and/or  anisotropic  )  stochastic  permittivity  which  is  spatially 
discrete  (localized).  Theories  based  upon  the  former  usually  prove  considerably  core 
tractable  analytically  and  have  been  applied  successfully  in  studies  of  t  i.jowave 
propagation  through  turbulent  and  randomly  inhomogeneous  atmospheres.  Theories  base  i  upon 
the  latter  have  been  applied  with  similar  success  in  studies  of  radiowave  propagation 
through  atmospheric  hydrometeors  and  particulates.  However,  because  the  character i zat ion 
of  a  spatially  stochastic  medium  as  continuous  or  discrete  is  clearly  only  one  of 
resolution  or  scale,  and  because  theories  based  upon  a  spatially  continuous  distribution 
of  permittivity  have  proven  more  tractable,  radiowave  propagation  through  discrete  random 
media  is  more  often  studied  as  though  the  media  were  continuous. 

Electromagnetic  modeling  of  forests  has  been  studied  from  both  points  of  view.  In  fact, 
tiie  earlier  HF/VHF  radiowave  propagation  models  [3,7]  were  predicated  upon  an  assumed 
lossy,  dielectric  forest  continuum  and  experimental  studies  were  conducted  to  determine 
appropriate  values  for  the  dielectric  constant  and  conductivity  of  the  assumed  continuum. 
Unfortunately,  although  these  earlier  models  were  undeniably  successful  in  describing  the 
behavior  of  the  propagating  radiowaves,  they  were  unable  to  relate  the  dielectric 
constant  and  conductivity  of  the  assumed  continuum  to  directly  measurable  biophysical 
parameters  of  the  forest  (e.g.,  tree  trunk  number  density,  tree  trunk  diameter)  in  more 
than  a  qualitative  way.  Further,  in  the  UHF  band,  where  incoherent  scattering  can  be 
significant,  it  becomes  necessary  to  statistically  characterize  the  spatial  fluctuations 
of  the  forest's  permittivity.  Because  sach  a  characterization  for  an  assumed  forest 
continuum  would  be  heuristic  at  best  and  also  suffer  from  an  inability  to  be  related  to 
directly  measurable  biophysical  parameters,  the  electromagnetic  model  described  in  this 
1  utcr  is  based  upon  a  description  of  the  forest  as  a  discrete  random  medium. 

2.1  SCATTERING  IN  DISCRETE  RANDOM  MEDIA 

The  scattering  of  electromagnetic  waves  in  discrete  random  (dielectric)  media  can  be 
studied  using  two  fundamental  approaches:  the  first,  exemplified  by  Twersky's  theory 
[2],  is  based  upon  Maxwell's  equations  and  so  is  mathematically  rigorous  in  the  sense 
that,  in  principle,  all  multiple  scattering,  diffraction,  and  interference  effects  can  be 
included:  the  second,  exemplified  by  the  radiative  transport  theory  [20],  is  based  upon 
the  conservation  of  energy  but  is  heuristic,  accounting  for  multiple  scattering  but  not 
for  diffraction  and  interference  effects.  Because  of  the  intrinsic  complexity  of 
multit  le  scattering,  these  two  distinct  approaches  should  not  be  considered  competitive, 
but  rather  complementary. 

The  theoretical  approach  employed  in  this  paper  is  that  of  Twersky  which  proves  fairly 
tractable  in  relating  first-order  statistics  of  the  propagating  radiowave  to  the 

biophysical  parameters  of  the  forest.  Second-order  statistics  prove  considerably  more 

difficult  to  derive  and,  for  these,  attention  is  focussed  on  scattering  behavior  in  the 
Rayleigh  (low  frequency)  regime.  Complementary  results,  not  escribed  here,  have  been 
obtained  using  radiative  transfer  theory. 

2.1.1  TWERSKY'S  SCATTERING  MODEL  [2] 

According  to  Maxwell's  equations 

VXE(x)  =  -j..iu.H(x) 

VXIIfx)  =  jw  ,■  (x)E(x)  +  J(x) 

where  E(x)  and  H(x)  represent,  respectively,  the  electric  and  magnetic  fields  within  the 
scattering  region,  J(x)  represents  the  impressed  current  distribution  of  the  transmitting 
antenna,  and  1 ( x )  represents  the  relative  (complex)  permittivity  of  the  unbounded 
scattering  medium  ail  as  a  function  of  the  position  vector  x.  In  writing  Eqs.  (1)  and 

(2)  a  complex  harmonic  time  dependence  exp(jiit)  has  been  assumed  and  suppressed.  In  order 

to  account  for  the  discrete  character  of  , say ,  N  scatterers,  let 

( x  >  ■  1  t  ,  <  V  ■  (  x )  < 3  > 

where  ■  is  the  suscept  ibi  ]  1  ty  of  the  surrounding  medium  (which  for  air  is  about, 
i) .  boo  3 )  ,  and  ^  (  x  )  is  the?  susceptibility  of  the  i-th  scatlerer,  so  defined  that 

■  within  the  i-th  scatterer 

'i«x)  ’  ( 4 ) 

n  outside  the  i-th  scatterer 

Not  <*  that  th»*  shapi-  and  orient  a*  ion  of  each  scatterer  is  implicitly  defined 
t.  hr  ough  '  (  x  )  . 


(1) 

(2) 


From  Maxwell's  equations,  the  wave  equation  tor  the  electric  field  within  the  unbounded 
medium  of  discrete  scatterers  can  be  shown  to  be 


: xi  vx f. (  x  )  ) 


d- 


is  the  relative  (complex)  permittivity  of  the  surrounding  medium  and  k  is  the  1  r*  space 
w  n't'1  -p. umber  (  >  /c  )  . 

Consider,  now,  the  electric  field  within  the  unbounded  medium  to  consist  of  two 
components:  the  electric  field  E-(x)  which  would  exist  in  the  absence  of  all  scatterers 
due  to  the  impressed  current  J,  and  the  residual  scattered  electric  field  Es  (x).  The 
total  electric  field  E(x)  could  then  be  written  as 

E(  x )  =  E .  ( X )  *  Ks  <  x  I  ( 7 ) 

Substitution  of  Eq.  (7)  into  Eq.  (5)  suggests  that 


7X  (  VXE  .  (  x  )  )  -  k  ‘  •  E  .  (  x  )  =  -T-  U  J(x) 
—i  —  a— l  —  —  — 


VX ( VXE  ( x )  )  -  kV  E  (  x ) 
— s  —  '  a— s  — 

where  the  current  induced  in  the  i-th  scatterer 


S  !  1 


J1  (i<)  =  j«>  .  -  j  (x)E(x)  UO) 

is  found  to  depend  upon  the  total  electric  field  E(x).  Now  if  the  scattered  field 
attributable  to  the  i-th  scatterer  alone  does  not  by  itself  contribute  significantly  to 
the  currents  induced  in  any  one  of  the  other  (N-l)  scatterers  (the  so-called  independent 
scattering  approximation),  then  the  current  induced  within  the  i-th  scatterer  can  be 
related  to  the  electric  field  E ( x )  incident  upon  it  by  the  alternate  relation 


J^x)  =  (j/«Uo)  J  <lx*  t  i  (x,x‘  )Ei  (x1 


where  t(x,x’  )  is  the  so-called  dyadic  transition  kernel  of  the  i-th  scatterer,  and  Eq . 
(11)  defines  t(x,x'f  implicitly. 

Substitution  of  Eq .  (11)  into  Eq.  (9)  reveals,  in  consonance  with  Eqs.  (7)  and  (8),  that 
the  total  electric  field  within  the  unbounded  medium  of  discrete  scatterers  satisfies  the 
wave  equation 


/X(VXE(x)  )  -  k't^Elx)  -  ^  f  <<x  1  t  .  (  x,x  ’  )E] 


(  X  '  )  =  -  iuiU  J  (x  ) 


Because  the  dyadic  transition  kernel t(x,x)  depends  upon  the  orientation  and  position  of 
the  i-th  scatterer  the  electric  field  E^(  x_)  is  a  random  variable. 

2.1.2  THE  COHERENT  (MEAN)  FIELD 

The  mean  electric  field  <E(x_)>  may  be  determined  by  averaging  Eq .  (12)  over  an  ensemble 

of  scatterers  having  prescribed  orientation  and  position  statistics.  The  mean  electric 
field  thus  satisfies  the  wave  equation 


7  X  <  7  X ■  E ( x )  •  )  -  k '  ■  - E(x) 


£/■*-. 


(  x  ,  x  '  >  H  (  x  1  > 


where  the  angular  brackets  <  >  denote  ensemble  averaging  over  the  6N-d imens lona 1  njint 

probability  density  function  for  the  orientation  (3  degrees  of  freedom  per  scatterer)  and 
posit.ion(3  degrees  of  freedom  per  scatterer)  of  all  N  scatterers.  This  averaging  is 
significantly  simplified  by  introducing  the  Foldy  approximation 

.  .  E  f x  !  ■  E  '  x 1  1 14  1 

so  that  -  i 

-  t  ( X , x 1  1 1 :  ( x ’  i  ‘  i x , x '  1  1  x '  '  (15) 

l  : 

and  by  assuming  that  the  orientation  and  position  of  eaeh  sratterer  is  independent  of  all 
others.  In  this  ca s e , 


/;'*■  Vx.x'uVx',  *  /iy'  S  ' 

'  ,  ,  '  is  the  loirit  probability  density  function  for  th 


,x'  i  ■  ! :  ( x '  ) 


whe  I  e  p  (  f  ;  1  ,  T  is  the  imrit  probability  dens  1  1 
orientation  (  .  )  of  the  i-th  scatterer. 

s  t -1 1  i  s  t  l  ca  1  1  y  independent  so  that 


fuiiction  for  the  position  (  )  and 

If  the  orientation  and  position  are 


then  the  dyadic  transition  kernel  •  ran  : 

(thence  denoted  by  t  1  ,  x  1  i)  .  ratislat  «>d  wit 

slight  abuse  of  notation) 


averaged  with  i espect  to  orientation 
'espeo*  position  so  that  (with  a 


If  all  N  scatterers  are  i dent ica 1 , then 


(19) 


t  .  (  x  ,  x '  )  t  I  x  ,  x  1  ) 

and  the  substitution  of  Ecjs.(18)  and  (19)  into  Eq .  (13)  yields 

.Xl.XKIx)  • )  -  k  •  ■  K  (  x. )  ■  -  y ds.  (s  )  f  dx  '  f(  x-s  ,  X  1  -s  )  ■  E  (  x  '  )  - 

where 

(£)  =  N[)  (  s  ) 

is  the  number  density  of  the  scatterers  as  a  function  of  position  s. 


]  •  u  d  I  x  : 


(20) 


(21  ) 


Inasmuch  as  the  scatter  region  is  assumed  unbounded  and  statistically 
mean  wave  equation  ( Eq .  (20))  may  be  Fourier  transformed  to  obtain 


.  X( .  XKI  .  )  )  <•  k'  |  .  I  +  I  (  2  )  V/kM*  ( .  , .  )  1  .E( .  ) 


homogeneous,  the 
(22) 


where  I  is  the  unit  dyadic  and  *(•,-)  is  the  double  Fourier  transformation  of  t(x,x'  )  so 
definea  that 


t  (■ 


1  - 


f  t(x,xM,.* 


p|  j (  •  • x  +  -  1  • x 1  ) ] dxdx ' 


(23) 


Through  a  comparison  of  Eq.  (22)  with  the  corresponding  equation  for  a  continuous, 
homogeneous  medium  (set  ,  =0  in  Eq .  (22))  ,  it  is  apparent  that  so  far  as  the  mean  wave  is 
concerned,  the  unbounded  medium  of  discrete  scatterers  behaves  as  a  continuous 
homogeneous  medium  with  an  effective  dyadic  permittivity  of 


I  *  I  (2-  )  V/k  -'  ]t'(. 


(24) 


Note  that,  in  general,  the  equivalent  continuous  medium  is  anisotropic  and  spatially 
dispersive.  The  effective  dyadic  susceptibility  attributable  to  the  scatterers  is 


-  1(2)  V/k ;  it  (■  ,•  ) 

and  is  directly  proportional  to  the  number  density  of  the  scatterers. 


(25) 


Eq.  (22)  can  also  be  used  to  establish  a  dispersion  relation.  If  the  equivalent  medium 
is  uniaxially  anisotropic  so  that 

(26) 


f  (x  x  J 


Y  iV  >  +  -  ?Il  £ 


then  for  a  vertically-polarized  ( z-polarized )  electric  field  propagating  in  a 
parallel  to  the  x-y  plane  (•  n 


the  propagation  constant  is 
=  k 


direction 

(27) 


v  »  z 

For  a  horizontally  polarized  electric  field  propagating  in  a  direction  parallel  to  the 
x-y  plane  (.  =i)  the  propagation  constant  is 

"  k  /,-  <28) 


If  I  . 


’n  ■-»"t 

<<  1,  the  specific  attenuation  of  the  mean  wave  attributable  to  the  scatterers  is 

(29) 


,v  (8.686)1  (  2  ti  )  V/2ko]t"(ko^“,koiV) 


for  vertical  polarization,  and  for  horizontal  polarization 


a,  '  (8.686)1 (2")  *p/2k  ]t"(k  kc 
n  °  °  t 


(30) 


the  imaginary  part. 

2.1.3  THE  INCOHERENT  (FLUCTUANT)  COMPONENT 


It  has  been  noted  previously  that  the  electric  field  E(x)  is  a  random  variable.  As  such, 
it  can  be  represented  as  the  sum  of  its  mean  <E(x)>  and  residual,  zero  mean,  fluctuating 
component  E'(x),i.e. 

E(x>  =  <E(x)->  +  L(x)  (31) 

When  the  number  of  independent,  randomly-positioned  scatterers  contributing  to  the 
resultant  electric  field  E(x)  is  large,  it  may  be  surmised  as  a  consequence  of  the 
central  limit,  theorem  that  the  zero-mean,  fluctuating  component  E(x)  is  representative  of 
i  gauss i a r i  random  process.  Under  this  hypothesis,  E(x)  can  be  completely  characterized, 
i*  least  for  t  ime- invar iant  scattering  configurations,  by  its  joint  space-frequency 
u relation  function.  It  is  this  function  which  provides  information  on  the  effective 
1  i;  iwibh,  tie  inlay  spread,  and  the  coherence  bandwidth  of  the  channel. 


lie  •  e.,r  tower  .i  astir:  i  ,i  t  ml  with  the  total  electric  field  is  usually  characterized  by 
•  1  .  ■  *  r  i .  riel!  intensity 

I  H(x  )  •!■:*  (x)  • 

wr,  i  •  u-  a  consequence  of  Eq .  (31)  ,  may  be  written  in  the  form 

I  -  i:  (  x  )  •  E*  (  X  )  •  ^  E(  X  )  •  K*  (X)  > 

Tie  in tensity  associated  with  the  mean  (coherent)  field  component 

I  -  '  H(  x  )  •  '  EMx)  ■ 

car,  be  determint'd  from  Eq .  (20).  Determination  of  the  intensity  associated  with 


the 

(32) 


(33) 

(34) 
the 


1 1  ' 


fluctuating  (incoherent)  field  component 

I  =  •• E(  x  )  •  K*  (  x  )  ■  (  35  ) 

requires  an  equation  analogous  to  Eq .  (20).  For  example,  in  a  two-dimensional,  unbounded 

medium  of  parallel  circular  cylinders  of  radius  a  and  relative  permittivity  >  v ,  the  total 
field  intensity  in  the  Rayleigh  (low  frequency)  regime  due  to  a  parallel  line  source 


the  equation 


1  (X  ) 

-  1  (x  > 
c  —  t 

-  .  J" ds^  1  G  (  x(  - s ^  '  I  (  s.t  ) 

(36) 

where , 

I  (x„) 
c  —  t 

=  ,.I  V  J  !c(x  )  1 

7.  — t 

(37) 

.  (  k.i  )  -  j .  -1  I  • 

(  38) 

G(x  ) 

=  -(  i/4 )H  ( ■  x  ) 

(  39) 

-  -  k  ^ 

A  +  .o  a  '  (■  -1  ) 

(40) 

The  normalized  intensity 

I  (X. 
n  — t 

)  =  I (x  )/I ,(x  ) 

(41) 

is  plotted  in  Fig.  1.  The  ratio  of  the  incoherent  intensity  to  the  coherent  intensity 


=  V-t^V-t1 

is  an  important  parameter  which,  under  the  gaussian  hypothesis,  completely  describes  the 
statistical  distribution  of  the  total  electric  field  E(x). 


2.2  UNBOUNDED  FOREST  MODELS 

The  scattering  theory  for  discrete  random  media  which  is  described  in  Section  2.1  has 
been  applied  to  radiowave  propagation  through  forests.  In  applying  this  theory,  the 
forest  is  considered  initially  as  an  unbounded  medium  of  randomly-oriented  and 
-positioned  canonical  scatterers  representative  of  various  vegetative  components.  For  the 
unbounded  case,  a  simple  plane-wave  solution  to  the  mean  wave  equation  (Eq.  20)  can  be 
found.  This  allows  direct  and  explicit  calculation  of  propagation  parameters  and 
attenuation  rates  without  introducing  the  complicating  features  of  sources  and 

boundaries . 

2.2.1  CANONICAL  FOREST  SCATTERERS 

The  scattering  theory  for  discrete  random  media  described  in  Section  2.1  has  been  applied 
to  radiowave  propagation  through  an  unbounded  medium  of  canonical  scatterers 
representative  of  various  vegetative  components.  Tree  trunks  are  modeled  as 

i n f ini tely- long ,  parallel,  circular,  dielectric  cylinders;  branches  as  finitely  long, 
circular,  dielectric  cylinders;  and  leaves  as  flat,  circular,  dielectric  discs.  For  each 
of  these  canonical  scatterers,  an  expression  has  been  found  which  relates  the  dielectric 
constant,  size,  shape,  and  orientation  of  the  scatterer  to  its  dyadic  scattering 

amplitude  f(o,^i).  The  dyadic  scattering  amplitude  is  defined  implicitly  by  the  relation 

oxp[  -  jk  o  ( o -x  )  |  /  1 1  (43) 

where  e.,(x)  is  the  field  scattered  in  direction  o  due  to  an  incident  plane  wave  of  unit 
amplitude  and  polarization  q'  travelling  in  direction  i  .  The  dyadic  scattering 

amplitudes  have  been  related  to  the  double  Fourier  transform  of  the  transition  operator 
kernel  using  the  relation 

f(o,_i_)  =  2  "  ‘  !  I -oo  i  •  t  (  k  ,o ,  k  _i_)  •  (  I (44) 


The  Fourier  transform  t(-  ,-  )  is  then  used  in  Eq .  24  to  determine  (for  the  coherent 
field)  the  effective  dyadic  permittivity  of  an  equivalent  ,  continuous,  unbounded  medium 
which  is  subsequently  employed  in  Section  2.3  to  establish  constitutive  relations  for  the 
coherent:  field  of  a  radiowave  propagating  within  a  stratified  forest.  Explicit 
expressions  for  the  dyadic  scattering  amplitudes  of  the  canonical  scatterers  representing 
trunks,  1  ranches,  and  leaves  can  be  found,  respectively,  in  Eqs.  (3-1-1),  (3-2-16),  and 
(3-3-31')  of  [1  ]. 


L 


2-2.2  PERMITTIVITY  OF  WOOD  AND  LEAVES 


Thu  electrical  properties  of  green  wood  and  leaves  can  be  specified  in  terms  of  their 
relative  permittivity  ■  and  permeability  ii  .  As  with  most  biological  materials,  the 
relative  permeability  a  can  be  set  equal  to  unity.  The  relative  permittivity  •  is 
complex  and,  for  the  complex  exponential  time  dependence  exp(jot),  can  be  written  in  'the 
form 


(45) 


where  •  •  and  ■  "  represent,  respectively,  the  real  and  imaginary  parts  of  the 
permittivity  The  imaginary  part  is  proportional  to  the  conductivity  '  through  the 

relation 

=  -/u...  (46) 

where  is  the  permittivity  of  free  space.  The  real  part  •  J  is  often  called  the 
dielectric  constant:  the  imaginary  part  •  ”  ,  the  loss  factor. 

Although  the  electrical  properties  of  wood  has  been  the  subject  of  numerous  studies, 
relatively  few  measured  data  pertain  to  green  wood  and  leaves,  and  fewer  still  to 
frequencies  above  100  MHz.  The  most  appropriate  appear  to  be  those  of  Broadhurst  [14 ]. 
These  studies  suggest  that,  firstly,  the  permittivity  of  green  wood  is  not  strongly 
species-dependent,  although,  taken  as  a  class,  coniferous  (needle-bearing)  trees  appear 
to  have  somewhat  smaller  permittivities  than  those  of  deciduous  ( lea f -bea r i ng )  trees. 

Secondly,  although  the  importance  of  intrinsic  water  content  upon  the  relative 
p*’t;  itt  ivity  of  wood  has  been  substantiated  by  many  studies,  because  green  wood  nearly 
always  i  as  a  high  intrinsic  water  content  (approximately  75%  by  volume),  the  permi 1 1 1 v i ty 
t  greet.  weed  is  relatively  independent  of  water  content.  Thirdly,  Broadhurst 1 s 
;■  e  i  •  a;  r  e-  ,  t  s  ,n  tol  1 1  and  Lari  ou  suggest,  very  little  difference  between  the  permittivity 
i  f  at*  or  Wood  and  leaves. 


a  ii .  ■ :  i  .t  1  s  data  f  ...I  *  • :  I  »)  and  maple  suggest  that  above  10  MHz  the  dielectric  constant 

is  ci.l  v  Wo  d.ly  iopendeir  g  on  frequency  and  that  over  the  Ui!.'  frequency  bund  ,  '  ‘  is 

a;  |  r*  x  t  :•  at  <  1  y  egn.i  1  ♦  •  4'  .  1  s  ft  e  mruci  es  below  1000  MHz,  the  imaginary  part  >  "  appears 
t  ••  is  i :  it  ••  !  iy  c.  nd  •»  t  c  losses  and  so  decreases  linearly  with  increasing  frequency. 
A:  •-■■■  I  i  Mil/,  h  ;v“ivi  ,  ndu.it  ion  losses  associated  with  molecular  polarization  begin 
'  g.i,  in  t  1  i  t  t  egi.et.cy  regime,  ”  begins  to  increase  with  increasing 

■  i  ■■  y  •  A .  ■  ■  i ;  t  d  i  r .  u  1  y  ,  1 1  thin  study  of  I'llF  radiowave  propagation  through  forests,  the 

:  •  ’  ;  *  tv.  ci!  !  i ■  x  ;  >o  ;■  i  •  t  i  i  *  ,  f  green  wood  and  1  eaves  has  been  model ed  using  the 


(47) 


I  roi'iciicy  expressed  in  GHz.  This  relation  is  plotted  in  Fig. 


:  !  •  -i’i'YS  1 C7W.  Ft  REST  I  KSC’KI  PTION 

i  lic.-io-i,  ,t  tie  so  .do.  t  roii'.'iqnet  ic  models  in  characterizing  radiowave  propagation 
i  tl  A  r.  st s  i eg.  iron  a  t •  p t - sen t a t i on  of  the  forest  in  terms  of  select  biophysical 

:  icd  t  •  Trutik  -r<>  I  at  ed  j  ammeters  include  the  tree-trunk  number  density,  the 

■  :  :  i  1  l  •  y  t  t.  y  of  f  t .  *  •  tree  trunk  diameters,  the  forest  height,  and  the  fractional 

oil;.1  S  ,q  I  oil  ty  till  canopy.  Branch-related  parameters  include  the  branch  number 

it.-,  mi  the  pt  i -bal  l  1  1 1  y  density  functions  for  branch  length,  diameter,  and  angular 
>  i'-t.'  a*  i.->  .  I  oil-related  |  arameters  include  the  leaf  number  density,  leaf  diameter,  and 
'■'''■geo  .-  b  i  ,  e-tuiv.i  lent  ly,.it  least  tn  the  CHF  frequency  band,  the  fractional  volume 
ui  io,i  iy  t  he  leaves),  atul  the  probabi lity  density  function  for  leaf  orientation, 
•ii  it.  •ImI.ii  t  "t  i  it,i»  i,  t:  is  also  required:  the  dielectric  constant  and  conductivity  of 
i"  'it'  "I.d,  and  1  In  terra  it.  irregularity  (although  the  latter  is  not  now  employed  in  the 


■  c  o  i  iot.-ilod  ios.ct  i :  t  i  on  of  biophysical  forest  parameters  as  summarized  above  is 
••If  I  Iy  u:.a*  t  alt:, it  I  e  it  present  for  any  but  a  few  of  the  world's  forested  regions  and  a 
:  •  i'll  o!  i  • :  f'-r  ti;'  safe  would  clearly  preclude  the  model  from  any  practical  engineering 

•'PS  I  i  ■  a  •  1 1  "i. .  Thor-  is,  t  herefore,  a  clear  requirement  to  (1)  exercise  the  model,  (2) 

a  i*  .  1  ,  :c; :  t  i  v  i  ’  y  t'1  various  biophysical  parameters,  (3)  identify  the  most  salient 

:  i  ■  f  I  ■  i  •  >1  i'it  i;i'ii  rs,  and  ;  4 )  seek  alternate  means  for  deriving  the  nos  t  salient 

1  1  1  f  by  s  I  ■ '  i  1  pa  r  ai"»- 1  i  - 1  s  f r  <  :■  a  va  i  1  ab  1  e  forest  data. 

‘  !•:  :  !  ii"*  da*  a  laic  available  -  broadest  in  both  geographical  coverage  and  m 

:  ‘  i  •  t .  a.  1. 1  ■!'•  re  1  -  appears  to  be  "World  Forest  Biomass  and  Primary  Production  Data" 

iy  ".d.R.  ‘  a  r  1 1 .  —  I  I  '  i  d  .  The  data  for  various  forests  available  in  this  compilation 

ii  In;. ■  '  t  .  c i .  s-(  -  i  i  i  c i t  ion  and,  tor  each  species,  age  (if  an  even-aged  stand), 

'f  •  -'i  rear  t  —  r  den::  tty,  average  |i.r-:;t  height,  fractional  basal-area,  leaf-area  index, 

c  :  i  i  t  a:,:;.  i  t'  i  this  d.it  a  many  "f  the  above-mentioned  parameters  can  be  determined 
if-'  t  1  y  "t  It.fet  ti'.l.  F'  t  "X.iiiple,  if  the  forest  is  even-aged,  the  trunk  diameter 

:  i  :  at  t  1  t  t .  y  ■!•  -r  :  t  '  y  I  ain  t  i  n  is  1  I  k  •  - 1  y  1 1  be  gauss  i  an  (  F  i  g  .  1  i  )  ;  if  u  lie  ven  -aged  ,  it.  is 

if-iy  ti-  !  i'j|-i  r,.'!ii  ml  (Fig.  d  '■  .  The  pararetets  describing  these  distributions  (the 

i  -ii  trunk  dt-iret-r  ltd,  p-thap::,  it:  variance)  can  often  be  ltiferted  from  the  fractional 

i  1 :  ■ .  I  1  -  .  i  r  ‘  i  .  s  I  - 1  ’  1  I  s  -  I  "I'M'.lt  1  '  1 1  .  and  f"T  I’St  .ige  . 


2.2.4  THE  EQUIVALENT  FOREST  CONTINUUM 


The  effective  dyadic  susceptibility  (■)  and  specific  attenuation  (u)  have  been  found  for 
unbounded  forests  consisting  of  one  type  of  canonical  scatterer.  Eqs.  (25),  (29)  and  (30) 
have  been  used  to  relate  ■  and  ,  to  the  dyadic  kernel  of  the  transition  operator  and  Eg. 
(44)  used  to  relate  t(.  )  to  the  scattering  amplitude.  The  scattering  amplitude  f(o,i) 
has  been  found  for  each  type  of  canonical  scatterer.  In  finding  X  and  a  ,  t ( •  ,  •  )  and 
f(o,i)  have  been  appropriately  averaged  statistically  to  account  for  any  prescribed 
orientation  statistics  of  the  canonical  scatterers.  In  effecting  these  averages,  it  has 
been  assumed  that  the  azimuthal  orientation  of  all  canonical  scatterers  is  uniform  about 

the  vertical.  As  a  consequence,  the  equivalent  continuous  media  are  all  uniaxially 
anisotropic  (refer  to  Eq.  (26)). 

For  describing  the  equivalent  continuous  forest  media,  the  effective  dyadic 
susceptibility  X  appears  to  be  preferable  to  the  effective  dyadic  permittivity  1  because 
■  is  directly  proportional  to  the  number  density  of  the  scatterers  (refer  to  Eq .  (25)). 
Note  also  that,  in  contradistinction  to  early  forest  propagation  models  which  simply 
postulated  an  effective  '  (or  ►  ),  the  model  described  here  actually  permits  the 
calculation  of  >  (or  -  )  from  measurable  biophysical  forest  parameters  (eg.,  tree  trunk 
diameter,  leaf  size,  etc.) 

The  effective  dyadic  susceptibility  of  tree  trunks  is  exemplified  in  Fig.  4  for  the  case 
of  a  radiowave  propagating  parallel  to  the  forest  floor.  These  calculations  for  an 
uneven-aged  forest  are  based  upon  a  mean  tree  trunk  diameter  of  6.35  centimeters  and  a 
trunk  number  density  of  1000  trunks  per  hectare.  Although  the  resonant  response  for 
individual  tree  trunks  is  not  apparent  in  this  figure,  it  is,  nevertheless  clear  from 
this  figure  that  resonance  plays  a  major  role  in  the  frequency  band  of  interest.  In 
this  frequency  band,  the  real  parts  of  the  dyadic  susceptibility  decrease  as  roughly  the 
square  of  the  frequency;  the  imaginary  part  of  the  transverse  component  decreases  roughly 
as  the  two-thirds  power  of  the  frequency;  and  the  imaginary  part  of  the  longitudinal 
component  decreases  roughly  as  the  five-thirds  power  of  the  frequency. 

The  effective  dyadic  susceptibility  of  leaves  is  exemplified  in  Fig.  5  for  the  case  of  a 
radiowave  propagating  parallel  to  the  forest  floor.  These  calculations  are  based  upon  a 
set  of  values  typical  of  temperate  latitude  forests:  a  leaf  radius  of  5  centimeters,  a 
leaf  thickness  of  1  millimeter,  and  a  leaf  number  density  of  133  leaves  per  cubic  meter 
(or,  equivalently,  a  fractional  volume  for  leaf  occupancy  equal  to  0.1  percent).  The 
random  orientation  of  the  leaves  is  described  by  a  probability  density  function  assumed 
to  be  uniform  in  azimuth  and  uniform  in  elevation  angle  over  the  range  0-30  degrees  (ie. 
the  leaves  tend  to  be  horizontal).  Note  that  the  effective  dyadic  susceptibility  of  the 
leaves  exhibits  the  same  frequency  response  as  the  susceptibility  of  individual  leaves 
(refer  to  Fig.  2)  . 

A  compa r i s ion  of  Figs.  4  and  5  reveals  that  for  tree  trunks  the  longitudinal  components 
of  the  susceptibility  dominate  the  transverse  ones;  for  leaves,  the  opposite  is  true  with 
transverse  components  dominating  the  longitudinal  ones.  This  reflects  the  fact  that  tree 
trunks  tend  to  be  oriented  vertically,  whereas  the  leaves  tend  to  be  predominately 
horizontal.  As  a  consequence,  horizontally  polarized  radiowaves  tend  to  be  more  affected 
by  the  leaves  whereas  vertically  polarized  radiowaves  tend  to  be  more  affected  by  the 
trunks.  Further,  for  trunks,  susceptibility  is  intimately  related  to  resonant 
scattering;  for  leaves,  Rayleigh  scattering  applies  and  the  frequency  behavior  of  the 
effective  dyadic  susceptibility  reflects  that  of  the  susceptibility  of  individual  leaves 
(refer  to  Fig.  2). 

The  specific  attenuation  attributable  to  tree  trunks  is  exemplified  in  Fig.  6  for  the 
case  of  a  radiowave  propagating  parallel  to  the  forest  floor.  These  calculations  for  an 
uneven-aged  forest  are  also  based  u] on  a  mean  tree  trunk  diameter  of  6.35  centimeters  and 
a  trunk  number  density  of  1000  trunks  per  hectare.  It  is  apparent  from  this  figure  that 
vertically  polarized  radiowaves  are  attenuated  more  severely  than  are  horizontally 
polarized  ones,  although  the  differential  specific  attenuation  between  polarizations 
tends  to  decrease  with  increasing  frequency.  Although  the  resonant  response  for 
individual  tree  trunks  is  not  apparent  in  this  figure,  resonance  has  been  found  to  play  a 
ma  xir  role.  Note  that  these  results  agree  reasonably  well  with  experimental  data  of 
Saxton  and  bant1  which  is  reproduced  in  Fig.  2. 

The  specific  at  t  enu.it  ion  attributable  to  leaves  is  exemplified  in  Fig.  H.  These  curves 
are  based  upon  the  same  leaf  parameters  described  above.  For  both  curves 


where  is  the  leaf  number  density,  a  is  the  leaf  radius,  t  is  the  leaf  thickness,  and 
1  ”  is  the  imaginary  part  of  the  susceptibility  of  a  single  leaf  (refer  to  Fig.  2).  Note 
tliat  this  factor  within  parentheses  constitutes  the  fractional  volume  ( FV )  occupied  by 
the  leaves;  the  frequency  dependence  is  determined  solely  by  ■"  .  Note  also  that  the 
specif  lc  .it  t  enu.it  i  on  due  to  leaves  increases  with  increasing  frequency.  The  relatively 
poor  agreement  with  Saxton  and  Lane's  experimental  data(Fig.  7)  may  simply  reflect  the 
fact  that  tree  trunks,  rather  than  leaves,  tended  to  dominate  the  transmission  paths  in 

Heir  measurements.  This  would  certainly  be  the  case  for  short  paths  of,  say,  less  than 
1  r,n  meters,  and  low  antenna  heights. 


■'  c«  ,ir-[  ■  .1  r  i  ;;cii  ol  i'  1  <  { -  •  •  *>  it-'  ~  reveals  that  lor  propaqdtion  through  tree  trunks# 

v»*rt  1  c,i  1  1  y-po  1  a  r  i  ze< !  r.nliow<«ves  are  attenuated  more  than  horizontally-polarized  ones; 

through  leave?;,  the  opposite  is  true.  Further,  at.  lower  frequencies  tree  trunks  will 

t  *  *  r  i  d  t..  domiij.it  e  t  r : » •  excess  attenuation  attributable  to  the  forest;  at  higher 
;  t  equi -  no  i  es  ,  leave;;  will. 

2  .  A  STRATI  FIEF  FOREST  MObEI.S 

In  the  previous  sect  ion,  the  forest  was  considered  as  an  unbounded  medium  of  discrete 

stutterers.  It  was  shown,  however,  that  so  far  as  the  mean  field  <E(x)>  is  concerned, 

this,  unbounded  medium  of  discrete  scutterers  behaves  as  a  continuous,  homogeneous, 
anisotropic  med i urn  with  an  effective  dyadic  permittivity  .  This  observation  suggests 
t  h  ..it  i  more  realistic,  albeit  heuristic,  model  for  the  forest  can  be  developed  by 

considering  the  forest  as  a  stratified,  continuous  medium  wherein  each  stratum  might 
represent  the  air,  the  forest,  and  the  ground.  Anticipating,  on  the  basis  of  experiment, 
a  major  contribution  to  <E(x)>  from  a  lateral  wave  propagating  along  the  air-forest 
interface,  the  simplest  of  these  stratified  forest  models  would,  as  a  first 
approximation,  ignore  the  effects  of  the  ground.  Such  a  half-space  model  is  illustrated 
ir:  Fig.  'a .  The  resultant  field  <E(x)>  arises  as  a  consequence  of  a  direct  ray,  a 
reflected  ray,  and  the  lateral  wave.  The  corresponding  variation  of  the  effective  dyadic 
permittivity  with  height  (h)  is  also  shown.  The  scalar  permittivity  of  the  air  is 
denoted  by  .  The  ground  is  introduced  in  the  slab  model  of  Fig.  db  as  is  a  single 

ground-reflected  ray.  Multiple  reflected  rays  between  the  ground  and  the  air  are  not 

shown.  The  scalar  permittivity  of  the  ground  is  denoted  by  .  In  both  the  half-space 
an  1  slat.)  models,  the  effective  dyadic  susceptibilities  attributable  to  the  tree  trunks, 
brunches,  and  leaves  are  simply  added  to  find  the  complete  susceptibility  of  the  forest. 
Re  'ogn  i  z.  i  ng ,  however,  that  the  branches  and  leaves  tend  to  be  located  primarily  within 

the  canopy,  a  further  extension  of  the  model  might  concentrate  branches  and  leaves  in  one 

fot-'St  l.iyer  ana  trunks  in  .mother.  This  model  is  illustrated  in  Fig.  ’V  where  the 

**ffei  *  ive  dy.idm-  .nifavpt  ibi  1  ity  ol  the  leaves  and  branches  is  denoted  by  and 

‘ ■  ■  l  nh'. ::  ■ )  ps.e- >  ;s  : :  >  i  t  *  1  sh-  *wn  in  Fig.  CM  recognizes  that  the  tree  trunk  diameters  vary 

:•  ;  :  r .  *  •  a  «  •  i  or  ».•:  t  floor  as  ioes  the  number  density  of  the  leaves  and  branches. 
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.•it/ian)  dipole  antenna  at  T  (refer  to  Fig.  9  a )  is  assumed  to 
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e  the  forest  is  assumed  to  be  uniaxial ly  anisotropic  (refer  to 
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ion,  the  boundary  value  problem  suggested  by  the  geometry  of  Fig. 
lustre  Summer!' el  d  problem  with  the  result  that  the  mean  electric 
fan  be  derived  from  the  relation 
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and  '  (  "  r  )  =  1  COS'  ^  f  (  1  i  n  ‘  ■  )  '  |  /  |  cos  ■■  r  +  />  (  1  -•  sin  •"  )  ‘\  ( 62  ) 

;  (  )  may  be  recognized  as  the  Fresnel  reflection  coefficient  at  the  air-forest 

interface.  The  behavior  of  ;  (  )  as  a  function  of  a  (real)  incidence  angle  is  shown 

in  Fig.  H .  r  r 

2.3.2  SLAB  MODELS 


A  completely  analogous  development  can  be  carried  out  for  the  configuration  of  Fig.  9b 
to  show  that,  for  a  vertical  electric  dipole  situated  at  a  distance  z  above  the  forest 
floor,  the  only  non-zero  component  of  vector  potential  is  now  *  interchanged. 


-Id  g  f  [  1  tRgOxp  f  -  j  2  i  ,  z  ..  )  ]  [  H-R.-|Cxp(-j2T  ,  (H-z)  }] 

i  1  -RaRqexp{  -  j2t  }  ] 

X ( 1/t  2 ) exp ( - j ( Kt -£+t  2 | z-zo |  ) )dft 


(63) 


where,  in  addition  to  the  parameters  previously  defined  in  Section  2.3.1, 
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Asymptotic  evaluation  of  Eq .  (63)  reveals  not  only  the  rays  shown  in  Fig.  9b 

( d i rect , ground-ref lected ,  air-reflected,  and  lateral),  but  also  intra-forest  multipath 
(refer  to  Fig.  10)  and  ground-reflected  lateral  waves  [18].  The  relative  strength  of 
single-,  double-,  triple-,  etc.  reflected  rays  can  be  assessed  by  considering  the 
behavior  of  the  Fresnel  reflection  coefficients  at  the  air-forest  and  forest-ground 
interfaces.  The  forest-ground  Fresnel  reflection  coefficient  for  the  case  of  moist  earth 
is  plotted  in  Fig.  11  as  a  function  of  glancing  angle.  At  the  pseudo-Brewster  angle  of 
about  10  degrees,  the  magnitude  of  the  forest-ground  Fresnel  reflection  coefficient 
exhibits  a  deep  minimum  and  its  phase  changes  by  about  180  degrees.  The  air-forest 
Fresnel  reflection  coefficient  associated  with  a  forest  of  lossy  leaves  is  plotted  in 
Fig.  12.  In  this  case,  the  radiowave  is  directed  from  the  denser  medium  (the  forest) 
toward  the  rarer  medium  (the  air)  and  experiences,  for  glancing  angles  shallower  than  the 
critical  angle,  so-called  internal  reflection.  If  the  leaves  were  lossless,  the  internal 
reflection  would  be  total  <ie.  r  =  -1).  Note  that  for  glancing  angles  greater  than 

critical,  the  magnitude  of  the  air-forest  reflection  coefficient  is  nearly  zero. 


The  relative  strength  of  the  intra-forest  multipath  can  be  estimated  by  considering  the 
relative  magnitudes  of  the  composite  forest  reflection  coef f icients ( 
viz . , Ra , Kg , R  R  , R  Ra , R^R  , R  R_R  )  which  can  be  associated  with  intra-forest  rays 
reflected  only  once  from  eacn  inter face  or  multiple  times  between  interfaces  (Refer  to 
Fig.  10 ).  The  magnitude  (in  dB)  of  the  composite  Fresnel  reflection  coefficients  have 
been  plotted  in  Fig.  13  for  a  forest  of  leaves  having  a  fractional  volume  of  0.1  percent 
as  a  function  of  path  length  (which  is  geometrically  related  to  the  glancing  angle).  It 
is  apparent  from  this  figure  that  the  ray  reflected  only  once  from  the  air-forest 
interface  is  important  at  all  distances  in  excess  of  about  300  meters.  The  ray  reflected 
once  from  the  ground  is  important  not  only  at  distances  in  excess  of  300  meters,  but  also 
at  very  short  distances  as  well.  The  double  reflection  (R  R  and R  R  )  contributions 
become  important  only  at  ranges  exceeding  about  600  meters;  an8  ^the  ^nPiple  reflection 
(r  r  R  and  R  R  R  )  contributions  can  probably  be  neglected  altogether.  It  should  be 
mentioned,  in^pasling,  that  Fig.  13  does  not  account  for  multipath  discrimination  due  to 
antenna  pattern  directivity. 


3.  CHANNEL  CHARACTERIZATION  OF  FORESTS 

The  electromagnetic  models  described  in  Section  2  can  be  employed  to  estimate  or  predict 
'he  performance  of  communications  systems  operating  within  forested  environments. 
However,  in  order  to  characterize  the  forest  radio  channel  suitably,  it  is  first 
necessary  to  identify  those  electromagnetic  forest  channel  characteristics  which  affect 
system  per f ormance .  Perhaps  the  most  basic  and  fundamental  parameter  affecting  system 
performance  is  transmission  loss.  For  fixed  equipment  parameters  (e.g.  transmitter 
power,  antenna  gains,  noise  figure)  the  bit-error-rate  (BER)  or,  indeed,  any  measure  of 
quality,  depends  primarily  upon  the  received-signal-level  ( RSL )  which  depends,  in  turn, 
upon  the  transmission  loss  experienced  by  the  propagating  radiowaves. 

It  has  long  been  recognized,  however,  that  transmission  loss  is  not  the  only  radio 
channel  characteristic  affecting  radio  system  performance.  Others  include  frequency 
dispersion  and  fading.  Frequency  dispersion  in  tropospheric  radio  channels  (e.g., 
terrestrial  1 i ne-of -s i qlit ,  t roposca t t er ,  and  intra-forest  paths)  is  primarily  a 
consequence  of  multipath;  fading  is  primarily  a  consequence  of  time-variant  multipath 
and/or  terminal  antenna  motion.  The  effects  of  fading  on  the  relatively  short, 
fixed-terminal  intra-forest  paths  considered  here  are  generally  small  and 


*Fq.  (63)  tacitly  assumes  that  z>z  .  If  z<z,  ,  then  the  roles  of  z  and  zo  must  be 


will  be  assumed  negligible.  The  effects  of  frequency  dispersion,  however,  are 
significant  and  affect  both  the  coherent  (mean)  and  incoherent  (fluctuant)  components  of 
the  electric  field  E(x)  .  Frequency  dispersion  in  the  coherent  component  is  perhaps  best 
characterized  by  determining  the  response  of  the  forest  channel  to  a  prescribed  input 
pulse  (forest  pulse  response);  this  is  considered  in  Section  3.2.  Because  the  central 
1 init  theorem  suggests  that  the  incoherent  component  is  a  sample  function  from  a  Gaussian 
random  process,  frequency  dispersion  in  the  incoherent  component  is  perhaps  best 
characterized  by  its  two-frequency  correlation  function;  this  is  considered  in  Section 
3.3. 

3.1  BASIC  TRANSMISSION  LOSS 
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important  parameter  characterizing  radiowave  propagation  channels  is 
ion  loss.  Loosely  defined,  transmission  loss  is  the  ratio  of  transmitted  power 
ed  power  (or  its  inverse).  Basic  transmission  loss,  however,  is  a  quantity 
lly  defined  as  the  ratio  of  the  power  transmitted  to  the  power  received  between 
,  lossless,  co-polarized  antennas.  In  free-space,  the  basic  transmission  loss 
lculated  (in  decibels)  from  the  well-known  expression 

=  9  2 . 4  +  20  tog  i,  +  20  tog,  (67) 

I  s  km  1  GHz 

is  the  distance  between  the  antennas  in  kilometers  and  f  is  the  radiowave 

in  Megahertz.  (^I*Z 


In  calculating  the  basic  transmission  loss  associated  with  the  stratified  forest  models 
described  previously  in  Section  2.3,  it  is  important  to  recognize  that  postulated  for 
those  models  was  a  vertically-polarized  electric  dipole  antenna.  Such  an  antenna  is  not 
isotropic.  Nevertheless,  the  basic  transmission  loss  can  still  be  determined  by  noting 
that  (1)  in  free-space,  the  vertically-polarized  electric  field  can  be  determined  from 
Kq .  (55)  by  setting'  ,  =  1  so  that 

Kfs  =  (  wM.,/4 '■ )  Id 'c -sin"  'd  *expl- jko/,  zRd  }/Rd  (68) 

and  (2)  the  power  received  will  be  directly  proportional  to  the  field  intensity 

1  <*>  =  E(x)  -E*(x)  (69) 

Thus,  for  the  stratified  forest  models,  the  basic  transmission  loss  can  be  expressed  by 

!,.  =  I.,  +  20  tog  |E,  /E,  I  (70) 

b  is  to'fs  d  ,  r ,  ?  1 

The  basic  transmission  loss  between  two  isotropic,  lossless,  vertically-polarized 
antennas  has  been  determined  for  two  types  of  forest:  a  leaf-dominated  forest 
characterized  by  a  fractional  volume  (FV)  of  0.1  percent  (5  cm  leaf  radius,  1  mm  leaf 
thickness,  133  leaves  per  cubic  meter);  and  an  uneven-aged,  trunk-dominated  forest 
characterized  by  a  mean  tree  trunk  diameter  of  6.35  cm.  Within  both  forests,  the 
vertically-polarized  transmitting  and  receiving  antennas  have  been  situated  2.5  meters 
below  the  air-forest  interface  and  separated  laterally  from  each  other  by  1000  m.  The 
basic  transmission  loss  for  the  leaf-dominated  forest  is  shown  in  Fig.  15  .  The  basic 
transmission  losses  associated  with  the  direct  and  reflected  waves  are  virtually 
indistinguishable  and  for  frequencies  less  than  about  500  MHz  increase  by  about 
6dB/octave  of  frequency.  The  direct  and  reflected  waves  destructively  interfere  so  that 
their  resultant  is  nearly  20  dB  below  either  of  them.  Particularly  strong  destructive 
interference  is  apparent  near  550  MHz.  The  basic  transmission  loss  of  the  total  is 
clearly  dominated  by  that  of  the  lateral  wave  which  increases  by  about  12  dB/octave  of 
frequency.  Note  that,  in  general,  a  leaf-dominated  forest  behaves  as  a  low-pass  filter 
for  vertically-polarized  radiowaves. 

The  basic  transmission  loss  for  the  trunk-dominated  forest  is  shown  in  Fig.  16  .  As  for 
the  leaf-dominated  forest,  the  basic  transmission  losses  associated  with  the  direct  and 
reflected  waves  are  virtually  indistinguishable  and  they  destructively  interfere  so  that 
their  resultant  lies  10-15  dB  below  either  of  them.  The  basic  transmission  loss  of  the 
total  is  clearly  dominated  by  that  of  the  lateral  wave  (they  are  indistinguishable)  which 
increases  approximately  12  dB/octave  of  frequency. 

3.2  FOREST  PULSE  RESPONSE 
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space  model  described  in  Section  2.3.1  is  a  time-harmonic  model.  The 

was  assumed  to  be  a  vertical  electric  dipole  having  a  time-harmonic 
■  exp(j„,  t).  However,  because  the  effective  dyadic  permittivity 
uivalent  continuous  medium  of  the  mean  wave  is  linear,  the  model  can 
ear  system  theory  to  accommodate  the  transmission  of  modulated 
c  variable  representing  the  input  [x(t)j  to  this  system  is  the 
nt  Idl;  the  dynamic  variable  representing  the  output  [y(t)]  of  this 
1 ly-polarized  component  of  the  coherent  (mean)  electric  field 
on  of  the  receiving  antenna.  System  input  and  output  can  be  related 


y  ( t  )  =  /  X  (  f  )  F  (  f  ,  t  )exp<  j  2-i  I  t  i  d  f 


implicitly  defines  the  (possibly)  time-variant  forest  transfer  function  F(f,t). 


(71  ) 


Ii.isr.uh  as  the  transmitting  antenna  of  the  anisotropic  half-space  isosiel  was  taken  u.  I  c 
a  vert  rci]  electric  dipole  having  a  t  l  r:  e-ha  rnon  l  c  current  moment  1  el  1  -  exp(  i  t),  t  ht 
veit  re.  i  l ] y-[  ,ol ar j zed  component  of  the  coherent  (mean)  electric  field  arising  in  response 
r,  that  cnrreiit  moment  (  Kqs  .  55 , 56 , 57  )  may  be  considered  tire  mean  forest  transfer  l  unction 
F(f,t)  following  normalization  by  Idl.  Further,  in  consonance  with  Kgs .  ( 55 , 56 ,  ami  57) 
t  he  :■  ear,  forest  transfer  function  F ( f , t )  may  be  considered  to  consist  of  three 
Components:  tile  direct  wave  [  F  ,  (  f  ,  t )  ]  ,  tire  reflected  wave  [F,.(  f ,  t )  J  ,  ami  the  lateral  wave 
::  F  ,  (  f  ,  t  )  J  . 


I’1  '•  tear,  forest  pulse  respor.se  lias  been  determined  for  a  600-MHz  carrier  frequency  and  a 
5-r.  siior.i  cond  root  ariqu  1  a  r  pulse  which  has  been  passed  through  an  ideal  bandpass  filter. 
Tve  forests  r.ave  been  considered:  a  leaf-dominated  forest  characterized  by  a  fractional 

v-darne  ( FV )  of  f> .  1  percent  (5  cm  leaf  radius,  1  mm  leaf  thickness,  133  leaves  per  cubic 
met  er ) ;  arid  an  uneven-aged,  trunk-dominated  forest  characterized  by  a  mean  tree  trunk 
diameter  of  6.35  cm.  Within  both  forests,  the  vertically-polarized  transmitting  and 
re  -elvirig  ar  ten.nas  l  ave  t  een  situated  2.5  meters  below  the  air-forest  interface  arid 
s.s  orated  laterally  from  each  other  by  lOOOin.  The  forest  pulse  response  for  the 
1 on ! -don i  mated  forest  is  shown  in  Fig.  17.  The  forest  pulse  response  associated  with 
rauiowave  pro;  .o  ration  along  the  direct  patli  is  shown  uppermost  in  this  figure.  The 
propugai i on  -L'lny  along  tire  direct  path  can  also  be  estimated  from  the  approximation 


where  '  is  tire  real  part  of  the  longitudinal  component  of  the  effective  dyadic 
susceptibility  (refer  to  Fig.  5).  For  this  example,  R  =1000m,  t '=1.0004265  ,  and  c=3XlCf 
m/sec.  The  companion  pulse  response  for  the  reflected  pulse  shown  next  in  Fig.  17 
exhibits  essentially  the  same  delay.  The  rather  shallow  glancing  angle  at  the  air-forest 
interface  associated  with  this  particular  geometric  configuration  (about  0.14  degrees) 
ensures  a  relatively  strong  reflected  pulse  (at  600  MHz  the  reflection  coefficient  is 
0.9942),  although  essentially  in  antiphase  with  the  direct  pulse.  As  shown  in  the  figure, 
Die  direct  and  reflected  pulses  virtually  cancel  each  other  and,  as  a  consequence,  the 
contribution  of  the  lateral  wave  dominatees  the  resultant.  The  propagation  delay 
associated  with  the  lateral  wave  is  essentially  that  of  free  space. 


The  forest  pulse  response  for  the  trunk-dominated  forest  is  shown  in  Fig.  18.  In  this 
case,  the  pulse  response  associated  with  the  direct  wave  arrives  prior  to  the  pulse 
response  associated  with  the  lateral  wave.  This  is  a  consequence  of  the  fact  that  the 
longitudinal  component  of  the  effective  dyadic  susceptibility  is  negative.  Eq .  (72)  can 
still  be  used  to  estimate  the  arrival  time  of  the  direct  pulse,  although  for  this 
example,  because  '7  =0.99903  the  velocity  of  pulse  propagation  appears  to  exceed  that  of 
1 lght  in  a  vacuum.  A  more  exact  expression  for  pulse  delay  time  and  the  Kramers-Konig 
relation  can  he  employed  to  refute  this  contention  in  general;  the  apparent  paradox  that 
Fir;.  'H  supports  this  contention  can  be  resolved  by  noting  that  the  strictly  band-limited 
transmitted  pulse  cannot  be  localized  in  time.  The  small,  rapid  oscillations  may  be  the 
so-called  Somerfeld  precursor.  In  any  case,  the  high  specific  attenuation  associated 
with  the  propagation  of  a  vertically-polarized  wave  through  a  trunk-dominated  forest 
(refer  to  Fig.  6)  severely  attenuates  all  but  the  lateral  wave  which,  as  is  apparent 
from  Fig.  18  dominates  the  resultant  pulse  response. 


3.3  TWO-FREQUENCY  CORRELATION  FUNCTION 


Tire  two- f requency  correlation  function  of  the  vertical  electric  field  E  (x)  is  defined  as 

z  — 

Rzz(-;f  ' 1  =  <Ez(x,f  ,)E*(x,f ; )>  (73) 

where  the  frequency  dependence  of  the  vertical  electric  field  on  frequency  is  clearly 
indicated  and  the  brackets  <  >  denote  a  statistical  average  over  an  ensemble  of  forest 

configurations.  As  a  consequence  of  Eq.  (n  ),  the  two- f r equency  correlation  function  may 
he  written  as 

>'  ( x ;  f  ,  f  )  =  Kr  lx;f  ,f  I  *  «'  (x;f  ,f  )  , 

7.7  ~  7  Z  —  ■  7.7.  ~  1  ■  V  /  H  ) 


where  the  two- f requency  correlation  function  associated  with  the  coherent  field  <E(x)> 
component  1 

R'r'z'x;l  ,1  )  -  E  ( X,  f  ! )  •  E*  (  X ,  f  ,  )  ■  (75) 

■mi  the  t wo- f requency  correlation  function  associated  with  the  incoherent  field  E  (x)  is 


f  y  ■ 
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■E  (  x  ,  f  )  E  (  x  ,  f  ) 
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ii'W'ver,  1  ecause  the  coherent  component  <E(x)>  is  deterministic,  its  two- f requency 
'  r  r  *  ’  l  1 1  ion  function  is  of  little  interest.  Conversely,  because  the  incoherent  component 
E(\)  is  a  sample  function  from  a  (perhaps  Gaussian)  random  process,  its  two- f requency 
correlation  function  is  of  major  interest. 


Th«>  t wo- f requency  correlation  function  can  be  derived  from  Eq .  (12)  through  appropriate 
*’!:  serb  1  e  averaging  in  the  sane  manner  that  Eq .  (20)  was  developed  for  the  coherent  (mean) 
field.  For  example,  in  a  two-dimensional,  unbounded  medium  of  parallel  circular 
cylinders  of  radius  a  and  relative  permittivity  ,  the  t wo- f requency  correlation 
function  of  the  incoherent  electric'  field  E  (x)  due  to  a  parallel  line-current  is,  in  the 


(77) 


Rayleigh  (  low  frequency)  regime,  giver,  by 


where 


H  Is;:  ,  ‘  '  -  j  ,1  u  11  ’  (  i  >  a  -  a  '  x  )  -  j .  i 
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arid  all  other  parameters  have  been  defined  previously  in  Section  2.1.  Both  the  real  and 
imaginary  parts  of  the  two- f r equency  correlation  function  have  been  plotted  in  Figs.  19 
and  2U  for  path  lengths  of  200  and  500  meters,  respectively.  It  is  apparent  from  the 
figures  that  although  the  frequency  of  the  rapid  oscillations  is  proportional  to  the  path 
length,  the  envelope  of  these  oscillations  remains  nearly  invariant  with  distance  and,  as 
a  consequence,  the  correlation  (1/e)  bandwidth  is  about  500  KHz  in  both  cases. 


4.  FUTURE  PLANS 

PI. m;.  for  model  improvement  are  already  proceeding.  Specifically,  the  model  lias  already 
reen  extended  to  account  for  ground  effects  (Fig.  9b  ).  Further,  an  expression  for  the 
dyadic  scattering  amplitude  of  a  finite  cylinder  has  already  been  derived  which,  in 
consi.rui.ee  with  the  earlier  derived  analagous  expression  for  leaves,  will  permit,  when 
averaged  over  branch  and  leaf  orientation  angles,  the  calculation  of  the  effective  dyadic 
susceptibility  and  specific  attenuation  for  an  unbounded  forest  of  branches  and  leaves. 
Subsequently,  this  will  lead  to  the  development  of  the  stratified  canopied  forest  model 
shown  in  Fig.  9c  .  Tile  stratified  forest  model  will  also  be  extended  to  accommodate 
arbitrary  antenna  directivity  and  polarization. 

An  expression  for  the  frequency-spatial  correlation  function  has  already  been  derived  for 
a  line  source  immersed  in  a  trunk-dominated  forest.  This  expression,  although 

incorporating  Eq .  (77)  as  a  special  case,  is  considered  more  general  because  it  is  not 

restrict,..!  to  Ray  1  e igh  (  low  frequency)  scatterers.  Analogous  results  for  dipole 

excitation,  and  branch-  and  leaf-dominated  forests  will  be  derived  subsequently  as  will 

their  Fourier  transforms,  the  coherence  matrix,  and  the  delay-spread  function.  These 
latter  functions  will  prove  especially  important  in  ascertaining  the  effects  of  antenna 
■I  i rent i vi t y  and  coherence  bandwidth  upon  communications  system  performance. 

The  theoretical  development  reported  herein  is  only  a  portion  of  a  large  effort  to 
improve  the  scientific  community's  understanding  of  the  behavior  of  UHF  communications 
systems  in  ground-to-ground  applications.  Planning  is  already  well  underway  for  the  next 
step:  ,i  comprehensive  series  of  channel  characterization  experiments.  These  experiments 
will  utilize  a  wideband  channel  probe  designed  to  make  impulse  response  measurements  of 
forested  channels  in  the  UHF  band.  The  automated  measurement  system  is  now  being 

completed,  and  will  soon  be  installed  in  vehicles  to  begin  a  measurement  effort  expected 
to  last  at  least,  two  years. 

Design  of  the  measurement  system  is  based  on  a  similar  system  described  in  [  12].  The 
basic  configuration  of  the  channel  probe  is  a  dual-channel  transmitter/receiver  in  which 
a  transmit  power  of  100  watts  is  provided  over  the  entire  measurement  band.  These  power 
levels  provide  a  sufficiently  high  signal-to-noise  ratio  to  permit  propagation  channel 
data  to  be  collected  over  paths  with  losses  of  145  dB  at  frequencies  up  to  900  MHz  and 
losses  of  155  dB  at  higher  frequencies  when  directional  antennae  are  used.  In  order  to 
determine  the  impulse  response  of  the  communications  channel,  the  system  uses  a  sliding 
correlator  technique  and  a  parallel  receiver  structure  to  process  the  wide  bandwidth 
pulse  modulated  probe  signal.  Multiple  operating  modes  are  provided  to  achieve  a  range 
of  measurement  resolutions  (i.e.  transmitted  bandwidths),  maximum  multipath  delay  spread 
windows,  effective  impulse  response  sampling  rates,  and  maximum  doppler  spreads.  Maximum 
spread  characterization  bandwidth  is  250  MHz  and  maximum  multipath  delay  spread  is 
approximately  10  microseconds.  Tradeoffs  between  the  two  dimensions  may  be  made  under 
operator  control. 

In  order  to  improve  the  efficiency  of  an  extremely  complicated  data  acquisition  process 
microcomputers  play  an  important,  role.  A  microprocessor-based  data  acquisition  system 
records  both  in-phase  and  quadrature  components  of  the  received  signal  from  each  of  two 
receiver  channels,  and  produces  a  complex  representation  of  the  channel's  impulse 

response.  From  this  function,  ai.  array  processor  is  used  to  compute  the 

frequency-dependent  modulat ion  function,  and  a  variety  of  peripheral  power  meters  and 
spectrum  analyzers,  all  under  HPIB  control, is  used  to  obtain  calibrated  measurements  of 
received  signal  level.  Syr, ter  outputs  include  real-time  display  of  the  time  varying 
impulse  response  or  operati  i  -selected  processed  data.  The  system  provides  hard  copy  or 
data  storage  on  either  hard  disk  or  1000  hits  per  inch  magnetic  tape. 

These  experiments  will  provide  a  unique  opportunity  to  examine  the  structure  of  the 

scattered  components  *1. rough  the  various  parts  of  the  forest  and  to  verily  assumptions 

arid  infet'-edi  i  *  e  results  of  the  theory  presented  above.  For  example.  Twersky’s  theory  and 
Maxwell's  »•■•)•:  it  inns  perr.i‘  ted  the  representation  of  the  scattered  electromagnetic  field 
lti  tern;  of  two  .nq.,  iv'tit.s,  the  mean  component  and  the  zero-mean  random  fluctuating 
component  .  The  id  r  of  power  attributable  to  each  of  t nose  is  called  the  coherence 
ratio.  This  fun  la-er.t  > 1  parameter  is  not  only  important  to  the  physical  understanding  of 
the  forest  channel ,  iut  also  to  the  predict n  u  of  the  effects  of  the  forest  on 
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th.t;.  the  measured  frequency,  while  there  is  fair  agreement  at  17  UT. 

Figures  5  and  6  show  Doppler  recordings  for  the  fixed-frequency  observation.  The 
integration  time  was  2.56  sec  for  each  measurement  and  the  Doppler  resolution  is  0.4 
H;’.  If  we  assume  the  vertical  velocities  of  the  reflecting  ionosphere  to  be  smaller 
or  equal  to  25  m/s  then  the  Doppler  shift  for  a  6  MHz  vertically  reflected  signal  is 
Jv  <_  1.0  Hz.  The  same  Doppler  shift  is  expected  for  oblique  signals  reflected  at  the 
same  level  (Pickering,  1975  ),  because  the  sec  <!>  (i(>  is  the  ionospheric  incidence  angle) 
increases  the  operating  frequency  by  the  same  factor  it  decreases  the  radial  velocity 
component : 


dobl  =  fobl  (dv/sec  40  =  (fv  sec  <(>>-<dv/sec  (t)  =  dv. 

For  an  n-hop  propagation  path  the  total  Doppler  is  the  sum  of  the  individual  Doppler 
shifts.  If  all  n  reflection  points  are  moving  in  the  same  direction  the  total  Doppler 
will  increase,  if  they  move  in  different  directions  the  Doppler  will  become  smaller  or 
zero.  On  18  October  1983  from  1542  to  1548  UT  (Figure  5)  the  modes  at  1.0  and  1.3  msec 
have  identical  Doppler  of  about  +0.2  Hz.  No  significance  is  placed  on  this  value  since 
the  two  16  MHz  oscillators  at  Dourbes  and  Needham  had  not  been  adjusted  to  this  accuracy. 
(If  both  stations  were  transmitting  and  receiving  the  oscillators  offset  would  manifest 
itself  as  the  difference  in  the  measured  apparent  Dopplers  for  identical  propagation 
paths.)  The  Doppler  shift  of  the  higher  order  mode  at  2.0  msec  is  0.4  Hz  higher  until 
1546  t'T.  At  1548  it  is  about  0.4  Hz  smaller  and  then  it  levels  into  the  same  value  as 
the  1.3  ms  mode.  The  signal  at  2.7  msec  (longest  delay)  in  Figure  6  (the  origin  of 
the  delay  time  scale  is  arbitrary)  has  again  a  0.4  Hz  lower  Doppler  compared  to  the  2.0 
ms  mode.  It  is  interesting  to  notice  that  the  3F  mode  has  the  largest  time  spread  but 
not  the  largest  Doppler  variation. 

Significant  changes  in  the  ionosphere  observed  along  the  Dourbes-Needham  transatlantic 
link  during  moderately  stressed  propagation  conditions,  such  as  during  November  10,  1983 
(local  K  -4  from  "Preliminary  Reports  of  Solar  Geophysical  Data")  are  illustrated  in 
Figure  7.  The  foF2  (scaled  from  the  vertical  F  echoes)  at  Needham  is  about  9.5  MHz  until 
1415  UT;  the  frequency  spread  of  0.5  MHz  peaks  later  at  1430  UT  as  observed  in  Figure 
8.  The  Doppler  shift  of  the  3F  fixed  frequency  signal  from  Dourbes  also  peaked  around 
this  time  at  Q.8  Hz.  At  1510  UT,  both  the  spread  on  the  vertical  echoes  and  the  Doppler 
shift  on  the  oblique  signal  disappear.  The  Doppler  shift  starts  to  increase  again  reach¬ 
ing  1.8  Hz  at  1545  UT ,  while  no  new  spread  develops. 

During  these  early  stages  of  the  experiments,  the  power  transmitted  and  the  gain 
of  the  antenna  used  at  Dourbes  were  apparently  not  high  enough  to  maintain  the  connectivity 
cf  the  transatlantic  link  during  the  evening  and  night  hours  for  monitoring  the  development 
of  the  auroral/magnet ic  storm.  However,  the  stressed  propagation  effects  near  Needham 
and  along  the  western  end  of  the  transatlantic  link  were  monitored  by  activating  the 
medium  range  (1500  km)  Digisonde  link  between  Goose  Bay,  Canada,  to  Lowell,  Massachusetts. 
Figure  9,  a  composite  of  seven  recordings  made  at  the  University  of  Lowell  illustrates 
the  evolution  in  the  vertical  ionospheric  structure  over  Lowell  and  along  the  oblique 
path  from  Goose  Bay  during  the  course  of  the  auroral/magnetic  storm.  Starting  at  2249 
UT  the  foF2  is  decaying  rapidly  from  a  peak  value  of  9  MHz  to  2.5  MHz  at  0014  UT,  while 
the  IF  ML'F  decreases  from  15  MHz  at  2249  UT  to  9  MHz  at  2354  UT.  An  Es  mode  exists  from 
2324  to  2354  UT.  Absorption  wipes  out  the  oblique  propagation  signal  at  0014.  For  com¬ 
parison,  Figure  10  shows  a  daytime  (15:45  LMT)  oblique  ionogram  for  a  magnetically  quiet 
day.  The  IF  hop  trace  is  well  developed  with  both  low  and  high  angle  rays  present;  the 
2F  ar.d  3F  hops  show  the  low  angle  rays. 
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2.  CURRENT  STATUS  OF  THE  DIGISONDE  256  NETWORK 

In  fall  of  1983,  two  Digisonde  256  systems  were  operating  along  the  transatlantic 
link  with  nodes  at  Dourbes  and  Needham,  using  horizontally  radiating  antennas.  GTE 
Svlvania  at  Needham  had  set  up  a  horizontally  polarized  rotatable  log-periodic  antenna 
on  a  24  r.  tower,  operating  in  the  frequency  range  from  4  to  30  MHz.  The  maximum  gain 

is  10  dBi  at  an  elevation  angle  of  12°  for  15  MHz,  and  at  6°  for  30  MHz.  In  Dourbes 

a  horizontal  3-wire  rhombic  antenna  (80  m  long,  34  m  wide)  was  installed  15  m  above  ground. 
At  15  MHz  the  radiation  maximum  occurs  at  an  elevation  angle  of  21°  where  the  gain  is 

16  dBi;  for  30  MHz  the  radiation  maximum  occurs  at  10°  with  22  dBi.  The  great  circle 

range  between  Dourbes  (50.1°N,  4.6°E)  and  Needham  (42.4°N,  71.3°W)  is  D  =  5600  km. 

Table  1  shows  the  expected  elevation  angles  for  2,  3,  4  and  5  hop  E2  propagation  paths 
for  a  virtual  height  cf  h'F  =  320  km.  A  horizontal  rhombic  antenna  identical  to  the 
one  in  Dourbes  will  be  erected  in  Slough  in  summer  1984.  Fort  Monmouth  will  start  oper¬ 
ating  the  Digisonde  256  using  a  horizontal  antenna  in  fall  of  1984. 


Elevation  Angles  for  Dourbes-Needham  Propagation  Assuming  h'F  =  320  km 

Table  1 


Oblique  propagation  experiments  betweer.  Dourbes  (south  of  Brussels)  and  Needham 
(west  of  Boston)  were  started  on  October  14,  1983.  The  oblique  transatlantic  signals 
transmitted  from  Dourbes  are  continuously  recorded  at  Needham.  The  Needham  sounder  uses 
the  same  log-periodic  -antenna  for  both  transmission  and  reception.  Presently,  the  Dourbes 
sounder  is  operating  only  in  the  transmit  mode  and  future  modifications  will  enable  simul¬ 
taneous  transmission  and  reception. 

To  probe  the  propagation  channel,  icncgrams  were  recorded  every  ten  minutes  with 
interspersed  fixed  frequency  measurements.  The  ionograms  were  stepping  in  100  kHz  incre¬ 
ments  from  f  to  22  "Hz  as  shown  ir.  Figure  2.  This  daytime  ionogram  recorded  in  Needham 
at  17C9  "7  on  c  November  199.:  shews  the  4F  and  5F  modes.  The  vertical  echoes  cf  the 
Needham  transmission  seen  or.  the  left  side,  indicate  a  critical,  frequency  of  9.1  MHz. 

It  should  be  mentioned  that  the  ionogram  display  is  composed  of  small  numbers  (2  dB  ampli- 
tu:e  increments  in  this  ionogram)  using  an  optically  weighted  font  (Patenaude  et  al , 

)  ■>?  3 ) .  The  same  method  of  presentation  is  used  for  the  f ixed-f recuencv  observations 
(Figure  1)  or.  16.63  MHz.  Tata  are  digitally  ir.tegrated  for  1.28  seconds  corresponding 
t.  126  pulser  a*  a  repetition  rate  of  10C  Hz.  A.fter  each  transmitted  pulse,  128  digital 
pjjdrat'jr  <•  cam:  If-  ire-  taken  at  time  increments  of  33-1/3  p  see,  resulting  in  128  range 
: in-,  (or  : ixels),  Hardware  limitations  constrain  the  Doppler  calculations  to  sixteen 
'  r  •  r  a  1  1  ;r.»e  in  t  he  i  ■  r.cgram.  mode.  However,  if  the  number  of  ranges  is  limited  to 
bur,  .,u.h  a  ■  in  the  r--.il  ’.«•  !  "drift  mode"  of  operation,  all  128  spectral  lines  are 
•  tt  u 1  a  * o  1 .  This  mode  of  operation  has  not  yet  been  used  ir.  the  Dourbes-Needhan  link. 


.  :  ‘  •  ;mi:.-irv  analyses  of  the  first  month  (mid-Getcbcr  tc  mi  d-November 

1  -  -  )  :  FF  *  t  t:.r  it  land  i  ..  ar. dings  are  reported  here. 

1  :  ::  :  :  ...  it  i  r.  i*  i  c -r.  of  several  swept  frequency  ionograms,  a  f  re  query:  v  with 

1  .  •  -  1  eve  I  (and  usual  iv  bevond  the  frequence  range  o'  direct 

!  :  -  r  s'  s.  :  1  ;  V  •  r  ter  echoes)  is  selected  for  the  fixed  frequenrv  tt  ansmic- 

:  .  :.-  •  :  x-  :•  si- u.  v  measurements  (Figure  3)  are  well  suited  for  determining  the 

'  i  ling  :  e»  :  ;  -  -f  f  *  -’iff erent  propagation  modes.  The  observed  fading  periods 

f  r  1-  .•  <  MHs  is:.  .1  vir's  in  general  from  10  to  60  sec  with  fading  dept  Its  of  10  to 

:f".  :  -  i  I,"-,  i  v  t  !t  i .-  baling  is  caused  by  focussing  in  the  reflecting  E-layer 

(i'r  i  l.y,  .  ).  1'  i:  :  -  it:  *  hat  the  fading  patterns  ;  or  the  differer.*  rrr'pagat  i  cp.  modes 

i  r  -  -  ive  analyses  underway  wi  1  1  lead  to  a  -M  *  -  -  ■  e :  under  standing, 


F  i,";:  »•  -  h  *  :  •  \  served  ;.;rp  values  for  18/19  October  and  9  '  1  G  November  1  983 

*  r  wi‘h  ’  I'M  A:  (!  lovd  et  al,  1.976)  predict'"  :>n  curve  fcj  a  sunspot  number  of 

-  .  F  r  •!.<-•  a.'-i  i  <  ir.'  enr.-is  arid  the  peak  power  <  f  1C  >  W,  lit.)  c.  nneot  ivitv  was  gen- 

•  ’*  illy  mi:::'  -in-  !  :.  1  v  :  rt  m  12  » --  18  "T.  The  data  pc'r.tr,  in  T  igur  (-  4  .show  less  cf  u 

'.luma’.  v  >.r  1  v  1  ;.  *  \  !i  *  ed  by  ICNGAF .  At  14  "T  the  predicted  M!T  is  2  5*-  higher 
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SUMMARY 

Digital  HF  transatlantic  propagation  experiments  between  two  nodes  at  Dourbes,  Bel¬ 
gium,  and  Needham,  MA,  USA,  using  identical  Digisonde  256  systems  became  operational 
in  October  1983.  Additional  nodes  at  Slough,  England,  and  Fort  Monmouth,  NJ,  using  iden¬ 
tical  instrumentation  are  expected  to  become  operational  in  summer  1984  forming  a  four 
node  transatlantic  network.  Adaptive  two  way  sounding  and  real  time  channel  evaluation 
studies  will  be  conducted  among  the  network's  four  nodes.  Presently,  the  Dourbes  station 
is  transmitting  10  kW  pulses  using  a  horizontal  rhombic  antenna  while  the  Needham  station 
uses  a  log-periodic  antenna  for  both  transmission  and  reception.  Measurements  of  ampli¬ 
tude  and  Doppler  shifts  of  different  multipath  modes  during  magnetically  quiescent  and 
disturbed  periods  for  the  first  month  of  operation  are  reported. 

The  pulse  modulation  (130  usee  at  100  Hz  pulse  repetition  rate)  enables  clear  sepa¬ 
ration  and  identification  of  the  multihop  paths.  Real  time  discrete  Fourier  transforms 
determine  the  Doppler  shifts  imposed  by  height  changes  of  the  reflecting  ionospheric 
layers.  A  comparison  of  the  observed  MUF's  of  the  dominant  2F  mode  with  the  MUF's  pre¬ 
dicted  by  the  IONCAP  model  show  the  latter  to  be  about  20-30%  higher.  Significant  changes 
in  the  ionospheric  structure  and  dynamics  along  a  medium  range  link  from  Goose  Bay,  Canada, 
to  Lowell,  USA,  were  observed  during  a  moderately  stressed  event  on  November  10,  1983. 


1.  INTRODUCTION 

The  availability  of  Tigisonde  256  systems  at  a  number  of  widely  dispersed  stations 
suggested  their  use  for  digital  HF  propagation  studies.  In  summer  1983,  a  Digisonde 
user*  group  was  formed  with  the  goal  of  conducting  joint  oblique  propagation  experiments. 
The  members  of  the  group  are  GTF  Svlvania  in  Needham,  Massachusetts,  USACFCOM  in  Fort 
Monmouth,  New  Jersey,  the  Institut  Royal  Meteorologique  in  Brussels,  Belgium,  the 
Pu t her t ord-Appl ot on  Laboratory  in  Slough,  England,  and  the  University  of  Lowell  in  Massa- 
h;  c-t.  (Figure  1).  The  Digisonde  256  is  well  equipped  to  measure  important  propagation 
par  .-meters  with  high  digital  resolution  (Bibl  et  al,  1981): 

Am p 1  I  *  ■ ;  I  e  1/4  .  i  p 

is;;!*-:  “.2  Hz  (If.  spectral  frequencies  in  ionogram) 

;. Cl  Hz  (256  spectral  frequencies  in  drift  mode). 

Tie  l;:i-  r.  of  t  >.*»  ancle  of  arrival  measurements  depends  on  the  dimensions  of 

r  ere-lvir..-  a;,r.;;n  a  irr  iv.  For  vert  real  sounding,  the  Digisonde  generally  uses  a  re- 
‘  i'/ir.g  art  -iv  r  f  seven  S  'oal-la  p  ar.'  ennas  to  determine  the  angle  of  incidence  of  the 
i  h<:  1  >  !.  >■  u.  :  to  separate  *1,.'  and  X-pc lar izat ion  echoes  (Reinisch  et  al,  1983  ). 


Aiepua'c  f  so  v  t  a!  ilit. 7  and  *  ime  synchronization  are  necessary  for  any  bistatic 

i  ir.r  .  In  *  i.c  1  igi  o:v!e  all  signal-  are  derived  from  a  heated  16  MHz  quartz  oscillator 
wit),  a  st  tl-i  lit  •;  ,f  r  •  •  pir*  in  j  p  j  er  day.  The  system's  clock  is  software  controlled 
ml  svrz.  hr  s  r;  i  z<  :  with  a  one  second  pulse  derived  from  the  quartz.  Therefore,  the  trans¬ 
mission  s  he  !u  1  e  ,  the  transmitter  luls-es,  the  transmitted  high  freouenev  and  the  digitizing 
pulses  are  all  phase  coherent  allowing  the  calculation  of  the  complex  Fourier  spectrum 
for  the  receive!  echoes. 
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Fig.  15  Basic  trans¬ 
mission  loss  (leaves) 
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7  Mean  forest  pulse  response  (leaves).  Fig.  18  Mean  forest  pulse  response  (trunks) 


DISCISSION 


P. A. Bradley.  Ck 

You  show  a  comparison  between  maximum  observed  frequencies  and  monthly  median  MUFs  predicted  by  the  loncap 
procedure  (Fie. 4).  Measured  values  are  less  than  those  predicted,  which  is  in  the  reverse  sense  to  that  normally  found 
for  other  paths  (see  C'CIR  documents).  This  result  may  well  be  true,  but  I  would  be  reluctant  to  form  a  conclusion  on 
the  basis  of  only  4  davs  measurements,  especially  w  hen  dav -to-day  variability  is  so  great  that  the  decile  range  is  at  least 
40". i  of  the  median  value.  I  would  recommend  further  comparisons  w  ith  the  new  prediction  maps  produced  at  the 
Institute  for  Telecommunication  Sciences.  LISA  (Rush.  Anderson  et  al. ).  These  maps  are  believed  to  be  more  accurate 
over  the  oceans,  particularly  in  the  area  pertinent  to  your  experiment,  than  the  maps  inherent  in  loncap. 

C  an  you  measure  the  a/imuth  of  arrival  of  oblique-path  signals  with  your  equipment’.’ 

Author's  Reply 

The  observations  on  four  days  can  certainly  not  be  generalized.  I  he  digisondc  25(>  is  well  equipped  to  measure  the 
incidence  tingle  if  an  adequate  receiving  antenna  array  of  either  4  or  1  antennas  is  available. 

C.Goutelard,  Fr 

Conn. lent:  II  est  interessant  d  effect uer  des  mesures  d  angles  de  site  mais  ces  mesures  sont  dedicates  pour  deux  autres 
raisons:  l.e  fading  qui  affecte  les  signaux  et  le  bruit  a  tin  role  important  stir  hi  precision  de  mesures. 

Question:  Le  parcours  sur  lequel  vous  avez  fait  vos  mesures  est  tin  quasi  totality’  maritime.  L.e  doppler  que  vous 

mesurez  depend  de  Lionosphere  et  de  l  etat  de  hi  mer.  Avez-vous  eludie  une  methode  qui  permettrait  de 
de;correler  ces  deux  effets? 

Author's  Reply 

We  have  not  tried  to  separate  the  ionospheric  and  ocean  state  doppler.  Frankly.  I  do  not  know  how  to  do  it.  We  had 
used  the  Digisondc  in  the  past  to  determine  the  Uragg  scatter  lines  from  direct  sea  reflections,  but  then  the  ionosphere  is 
not  involved. 
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1 .  I NTRODUCTION 

A  major  problem  experienced  in  I! F  data  communications  is  that  of  multipath  inter¬ 
ference.  When  this  situation  occurs,  components  of  a  transmitted  signal  arrive  at  a 
receiving  station  over  different  propagation  paths.  If  these  components  are  of  comparable 
signal  strength,  their  mixing  can  lead  to  serious  destructive  interference  fading  and 
therefore  loss  of  data.  Another  result  of  multipath  interference  is  that  the  delay 
between  the  signal  components  imposes  an  upper  limit  on  the  transmission  rate  since  data 
bits  transmitted  at  different  times  can  arrive  at  the  receiver  at  the  same  instant,  thus 
leading  to  confusion  in  the  decoding  system. 

Since  these  errors  are  caused  by  multipath  radio  propagation  it  is  important  to 
identify  the  paths  over  which  the  signal  components  have  travelled  and  by  what  time 
delays  they  are  separated.  This  is  best  achieved  using  one  of  the  many  available  oblique 
ionospheric  sounding  techniques.  Examples  of  such  techniques  arc  Oblique  pulse  sounding 
(1)  (2) ,  Chirp  sounding  (3)  and  Back scatter  sounding  (4) .  Examples  of  other  sounding 

techniques  more  directly  related  to  communications  are  ’.escribed  by  Fenwick  (5),  Probst 
(G),  Stevens  (7),  Betts  (8)  and  Filter  (9). 

These  techniques  in  general  either  require  costly  and  bulky  ground  based  equipment 
combined  with  large  antenna  arrays,  or  do  not  provide  an  unambiguous  picture  of  the  multi- 
path  structure  of  the  radio  signal.  The  technique  described  in  this  paper,  however, 
enables  the  longer  time  delay  multipath  structure  of  the  communications  channel  to  be 
readily  monitored  with  a  minimum  of  expensive  specialised  radio  equipment. 

Once  the  mode  content  information  has  been  measured  from  the  sounding  technique  it 
is  possible  to  use  this  information  to  calculate  the  error  rate  one  could  expect  on  a 
given  lata  link.  This  prediction  could  in  turn  be  used  to  improve  the  system  performance 
by  initiating  a  change  in  transmitter  frequency,  a  reduction  in  the  data  rate  or  an 
increase  in  the  level  of  any  error  protection  encoding. 

2  .  A  TFC!!N I  Q'.T.  FOR  MODE  CONTENT  EVALUATION 

The  technique  for  mode  detection  chosen  in  this  investigation  is  that  of  injecting 
sounding  pulses  into  the  communications  channel.  The  format  of  the  pulse  sounding  signal 
is  reproduced  in  Fig.lA.  It  consists  of  a  sounding  pulse  0.7ms  long  in  the  centre  of  a 
break  in  the  carrier  of  21.8ms.  The  entire  sequence  is  repeated  every  90ms.  The  pulse 
length  is  chosen  so  that  it  can  be  contained  within  a  normal  voice  communications  channel 
(3K'lz)  bandwidth.  The  sounding  pulse  is  made  as  short  as  possible  to  facilitate  the 
resolution  of  the  modes  by  measuring  the  times  of  flight  of  each  mode.  If  the  pulse  was 
shorter  it  would  spread  over  a  greater  bandwidth  or  it  would  be  filtered  out  by  normal 
communications  equipment.  The  exact  length  of  the  pulse  results  from  the  availability  of 
a  commercial  crystal  whose  frequency  was  a  convenient  multiple  of  that  required.  The 
duration  of  the  gap  surrounding  the  sounding  pulse  corresponds  to  the  original  estimate 
of  the  maximum  possible  observable  delays  between  modes  in  a  multimode  situation  (ie  a 
difference  of  11ms  between  the  longest  and  shortest  time  of  flight).  The  11ms  gap  ensures 
that  the  sounding  pulses  are  not  confused  with  the  large  blocks  of  carrier.  The  blocks 
of  carrier  are  sufficiently  long  to  activate  the  automatic  qain  control  (AGC)  of  a 
standard  radio  receiver  so  the  sounding  pulses  are  clearly  visible  and  the  receiver  does 
not  limit.  The  exact  lengths  of  both  the  gap  and  the  carrier  block  arc  again  selected 
for  convenience ,  being  31  and  97  times  the  length  of  the  sounding  pulse  respectively 
(31+97=128) . 

When  the  sounding  signal  is  transmitted  via  the  ionosphere  more  than  one  propagation 
path  is  usually  possible.  These  will  result  in  the  sounding  signal  arriving  at  the 
receiver  at  different  times  and  with  different  amplitudes  and  phases  (Fig. IB  and  1C)  . 

With  a  normal  omnidirectional  antenna  these  two  waveforms  would  add  vectorially  to  give 
the  waveform  reproduced  in  Fig. ID  which  contains  sounding  pulses  from  both  modes.  In  this 
instance  the  two  blocks  of  carrier  add  constructively  but  this  is  not  always  the  case  and 
cancellation  could  equally  well  occur.  One  of  the  main  aims  of  this  research  project  is 
to  detect  and  resolve  this  combined  signal  automatically. 

As  indicated  in  the  illustration,  the  transmitted  pulse  is  dispersed  during  its 
propagation  through  the  ionosphere  and  probably  to  an  even  greater  extent  by  the  trans¬ 
mitting  and  receiving  equipment.  This  process  leads  to  a  deterioration  in  the  ability  to 
resolve  pulses  with  closely  similar  times  of  flight. 

7  ,  -  jtain  a  qualitative  assessment  of  the  relationship  between  the  pulse  sounding 
r»>:;u  i  "  and  the  measured  data  error  rate  a  test  data  sequence  was  developed.  This 
-r.,.,,  -o  consists  of  1  l  2r>  bits  of  on/off  keying,  a  33  bit  Barker  code  for  synchronisation 
mi  •  a  102  3  bit  pseudo  random  sequence  (PRS)  over  which  the  error  rate  is  measured. 


By  employing  a  micro-computer  to  produce  the  BPS,  different  data  rates  could  easily  bo 
jenerated.  Of  these  the  most  common  were  50,  75  and  600  baud.  The  1125  bit  on/off 
keying  at  the  start  of  the  test  sequence  was  used  for  bit  synchronisation.  The  33  bit 
Barker  code  was  made  up  of  three  11  bit  Barker  sequences,  and  is  taken  to  define  the 
start  of  t’ne  data.  The  test  data  itself  consists  of  a  1023  bit  PP.S  produced  from  a  ten 
k  i  r.  shift  register  with  feedback  taken  from  elements  5  and  10  fed  through  an  exclusive 
f.  generate  the  now  first  element.  The  message  is  sent  as  non  return  to  zero  (MP.Z) 
an  1  is  continuous. 

The  experimental  transmissions  were  constructed  from  a  combination  on  the  pulse 
soundirv:  and  the  test  data  sequences  so  that  both  could  be  evaluated  under  similar 

c  tnd  i  1 1  ms . 

i .  EXPERIMENTAL  TECHNIQUE 

The  experimental  hardware  consists  of  a  transmitting  and  a  receiving  station  and  is 

mar  i  sod  in  Fig.  2. 

Trie  transmitting  equipment  was  required  to  operate  unattended  for  long  periods  and 
w  it  therefore  automated  to  a  large  extent.  The  control  system  was  a  Motorola  6800  based 
■ i *r  -computer  with  its  program  stored  in  EPROM  and  an  automatic  restart  facility  to 
t.oct  against  power  failure  at  remote  sites.  Different  sounding  sequences  and  data 
rites  1  escribed  in  the  previous  section  were  selected  via  a  thumbwheel  switch  which  was 
roil  n  restart.  This  computer  then  keyed  a  Heathkit  DX60B  radio  transmitter  to  produce 
,il-  •’.it  20  V.'  on  the  allocated  frequency  of  4. 7925MHz.  The  output  of  the  DX60B  was  fed  into 
i  >n  'l-'-.40G  linear  amplifier  producing  a  CW  power  of  400W.  To  protect  the  trans- 

:■  it 'or  a  n.vol  lev  ice  was  installed  which  measured  the  standing  wave  ratio  onto  the 
ira  ■  :i:.a  an:  cut  the  power  to  the  amplifier  if  this  deteriorated  seriously. 

computer  controlled  receiving  station  automatically  detects  the  sounding 
i  :nul  ar-.f;  recorls  its  parameters  in  digital  form.  Data  analysis  can  be  carried  out  on 
hie  ,r  alternatively  by  the  campus  mainframe  computer.  The  sounding  signals  transmitted 
via  fi.e  ionosphere  wore  detected  by  a  computer  controlled  receiver.  This  was  a  Racal 
MM  1 7  slave,  tuned  by  generating  the  first  and  second  VFOs  from  external  computer 
c-.nt.rol  led  Act  rot  synthesisers.  The  receiver  bandwidth  was  variable  from  100Hz  to  12KHz 
and  the  lain  could  lie  controlled  either  manually  or  by  means  of  the  automatic  gain 
::  :.-nt  rot  (.VIC)  .  Output  from  the  receiver  was  taken  at  the  100KHz  IF.  In  order  to  test 
•.he  receiving  station  the  100K!!z  pulsed  signal  could  be  generated  locally  by  a  small 
■  - !  ■  tr-nic  si  r.ulator. 

The  amplitude  and  phase  of  the  incoming  signal  were  detected  and  converted  to 
h  r  i  '  1  values  for  processing  by  the  computer.  A  sample  rate  of  once  every  90us  was 

ok 'son  30  as  to  give  adequate  time  resolution  without  overburdening  the  computer  with  too 

much  processing . 

The  project  computer  was  another  Motorola  6800  based  unit.  It  was  constructed 
iruni  the  popular  .550  bus  to  enable  easy  expansion  and  testing.  Memory  on  the  computer 
: .»  provided  lay  EPROM  for  program  storage,  PAM  for  workspace,  and  floppy  disc  for 
- rare  storage  of  collected  digitised  pulse  information.  An  internal  clock  was  incor- 
;  .rated  with  the  computer  to  add  time  of  day  information  to  the  data  files.  After  an 
-  .or  i  men  t  n  1  run  the  digitised  sounder  information  was  transferred  directly  or  via  nine 
track  magnetic  tape  to  the  CDC  Cyber  73  "Diversity  mainframe  computer  for  long  term 
*  r.i  and  mare  ietai  led  analysis. 

".r  first  stage  in  identifying  the  mode  content  of  the  received  signal  was  to 
vi*  " aM  -ally  measure  the  amplitudes  and  relative  times  of  arrival  of  the  sounding  pulses. 
I:  r  :>  r  1  -  !<>  this  under  conditions  of  moderate  to  severe  noise  the  following  averaging 

!  ••  d.ni  pie  was  employed  and  is  illustrated  in  Fig.  3. 

The  c  .m put or  first  looks  for  a  transition  from  a  long  block  of  carrier  on,  to 
■arr-.-r  ‘  f  (A  in  Fig.  3)  .  To  confirm  its  decision  it  then  checks  to  ensure  the  following 
:  ■  •  r i of  carrier  m  and  -ff  occur  at  the  correct  times  (B)  .  If  these  agree,  then 
.  ynchroni s  lt.i on  has  been  achieved  and  the  computer  stores  the  digitised  pulse  signatures 
! !  e  following  eight  returned  soundings  (C)  .  Eight  pulses  wore  found  to  be  sufficient 
•  -  great ly  reduce  the  probability  of  mista-kinj  a  noise  spike  for  a  pulse  echo  without 
causing  to-.-  great  a  computer  overhead. 

Once  the  captured  echoes  had  been  combined  to  give  one  average  pulse  return  (D)  the 
computer  scanned  this  looking  for  significant  echoes.  A  pulse  is  said  to  exist  if  the 
signal  rises  above  a  threshold  level  for  more  than  two  consecutive  samples.  The 
amplitude  is  taken  as  the  highest  signal  level  during  the  period  of  the  pulse.  The 
relative  * i no  of  arrival  is  arbitrarily  taken  as  being  from  the  start  of  the  sample 
window  to  halfway  between  the  sides  of  the  chosen  pulse  echo.  The  sides  of  the  pulse 
were  chosen  since  they  are  less  susceptible  to  noise  than  the  actual  peak. 

In  r  k-r  to  convert  the  amplitude  to  a  prediction  of  the  signal  mode  content  a 
ill-  i  -n  -spheric  model  was  employed  (Fig. 4)  .  The  model  allowed  flight  times  to  be 

In-  .'  r  r  -•>  geometrical  considerations  given  the  ground  range  of  the  transmitter  and 
!■■-  1  ii<-  "  i  '  - 1 e s  f  ,r  *  l.e  height  of  the  !’  and  !'  layers  of  the  ionosphere.  The  mode 
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amplitudes  were  estimated  by  allowing  for  a  certain  percentage  absorption  loss  during 
passage  through  the  lower  ionosphere.  Although  the  curvature  of  the  Earth  was  not  taken 
into  account  while  calculating  the  time  of  flight,  allowance  was  made  for  the  E  region 
falling  below  the  horizon  for  paths  in  excess  of  2100Km  for  certain  portions  of  the  day. 
Finally  the  model  allowed  for  the  possibility  of  blanketing  sporadic  E  (Es)  where  the 
E  region  critical  frequency  rises  above  that  of  the  F  and  so  blankets  out  the  F  layer 
reflection. 

The  actual  mode  content  evaluation  was  made  as  follows.  From  the  simple  model 
considerations  above,  the  mode  likely  to  have  the  greatest  amplitude  is  identified.  Next 
the  first  two  pulses  received  are  examined  and  the  larger  of  the  two  is  ascribed  to  the 
largest  expected  mode.  The  other  pulses  in  the  received  signal  are  then  compared  with 
the  predicted  time  delays  and  the  level  of  agreement  is  indicated  by  a  four  point 
probability  scale.  Ir.  the  case  of  a  short  path  where  ground  wave  is  possible  this  is 
forced  to  be  identified  as  the  first  received  pulse. 

In  addition  to  the  mode  content  evaluation,  the  software  generates  information  on 
the  average  pulse  length,  the  number  of  significant  modes  and  the  resultant  likelihood 
of  multipath  interference.  As  a  guide  to  the  noise  content  of  the  channel,  the  average 
signal  level  and  the  signal  to  noise  ratio  are  also  calculated. 

The  next  objective  is  to  read  the  1023  bit  PRS  and  thus  measure  the  error  rate. 

This  requires  that  the  exact  starting  time  is  determined  and  is  achieved  in  two  separate 
operations.  Firstly  the  on/off  keying.  A  transition  from  a  "1"  (signal  on)  to  a  "0" 
(signal  off)  is  detected  and  taken  to  be  the  start  of  a  bit  of  information.  The  next 
eight  bits  of  information  are  then  read.  If  these  bits  form  the  word  (01010101)  then  bit 
synchronisation  has  been  achieved.  If,  however,  at  any  point  in  this  sequence  an  error 
is  found,  the  program  returns  to  the  start. 

The  second  operation  is  to  identify  the  Barker  sequence.  After  bit  synchronisation 
the  incoming  signals  from  the  ADC  are  converted  to  "1"  or  "0"  data  bits  which  are  fed  into 
the  software  equivalent  of  a  shift  register,  (actually  a  continuous  loop  of  memory). 

After  the  latest  bit  has  been  added  to  this  loop  by  clocking  the  shift  register,  the 
contents  are  compared  with  the  known  values  of  the  Barker  sequence.  If  the  sequence  has 
been  received  correctly  the  result  will  be  33,  one  for  each  correct  bit.  For  signals 
received  over  an  ionospheric  path  errors  are  likely,  hence  a  threshold  of  25  is  set  and 
for  values  greater  than  this  the  Barker  code  is  said  to  have  been  recognised.  If  the 
result  of  the  comparison  yields  a  value  of  less  than  25  the  Barker  code  has  not  been 
found  and  therefore  the  next  bit  of  data  is  clocked  into  the  shift  register  and  the  test 
is  repeated.  Th  ;  implementation  of  this  routine  is  the  most  difficult  part  of  the  entire 
process  involving  33  comparisons  plus  the  associated  instructions  to  set  up  addresses  and 
collect  the  data  bit  taking  place  within  1.6ms  (1  bit  at  600  baud).  Once  the  Barker  code 
has  been  recognised  the  program  reads  the  1023  bit  PRS  into  main  memory.  When  this  has 
finished  the  contents  of  memory  are  compared  bit  by  bit  with  the  known  composition  of  the 
data  sequence  which  is  stored  in  EPROM.  The  number  of  bit  errors  is  then  displayed  on  the 
VDU  connected  to  the  project  computer. 

5.  RESULTS  OBTAINED  FOR  VARIOUS  PROPAGATION  PATHS 

During  the  course  of  the  project  experiments  were  performed  over  paths  of  different 
lengths,  details  of  which  are  shown  below. 


Path 

Length  (km) 

Data  sets 

Oadby  -  Leicester 

4 

12 

Durham  -  Leicester 

241 

22 

Elgin  -  Leicester 

578 

144 

Troms0/Bodo  -  Leicester 

2156 

75/23 

A  typical  set  of  data  from  the  Oadby  transmitter  is  reproduced  in  Fig.5A.  The  first 
teature  to  note  i.;  the  very  low  noise  level  even  though  on  several  occasions  the  signal  is 
limiting.  in  the  sounding  records,  three  pulses  can  clearly  be  seen  with  relative  arrival 
times  ( ie  the  arrival  times  relative  to  the  first  pulse  received)  of  1.6ms  and  3.2ms 
respectively.  Comparison  with  the  model  suggests  that  the  three  propagation  modes  present 
correspond  to  ground  wave,  1  hop  F  and  2  hop  F.  A  second  feature  of  the  Oadby  data  is  the 
ease  with  which  sporadic  E  or  Es  modes  can  be  recognised.  Fig. 5b  presents  data  received 
from  Oadby  during  a  5.7  second  period  which  contains  two  obvious  propagation  modes  separ¬ 
ated  by  0.7ms.  The  first  of  the  two  pulses  must  be  the  ground  wave,  consequently  the 
second  must  be  reflected  from  the  ionosphere  at  a  height  of  about  105km,  which  is  consis¬ 
tent  with  an  E  layer  path.  This  Es  blankets  out  all  the  F  layer  propagation  paths  which 
would  have  otherwise  been  received  with  longer  time  delays. 

The  path  from  Durham  to  Leicester  is  considerably  longer  with  a  ground  range  of 
24lKm.  An  example  of  results  obtained  over  this  path  is  given  as  Fig.5C.  This  plot 
contains  two  modes  separated  by  approximately  0.7ms,  and  reference  to  the  model  suggests 
that  they  correspond  to  E  and  F  layer  propagation.  This  example  shows  particularly  well 
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the  takeout  in  the  signal  where  the  dominant  mode  changes  from  F  to  F  layer  propagation. 

The  third  path  over  which  tests  were  conducted  was  from  Elgin  in  Scotland  to 
Leicester  (578Km) .  It  was  over  this  path  that  most  of  the  pulse  sounding/data  comparison 
experiments  were  conducted.  An  example  of  the  results  obtained  is  given  as  Fiq.5D.  This 

shows  two  pulses  separated  by  about  1.6ms.  Comparison  with  the  predictions  suggests  F 

and  2  hop  F  propagation,  but  no  IF  due  to  F  layer  screening.  More  typically,  however, 
the  pulse  structure  was  partially  obscured  by  noise  or  interference  and  required  averaging 
over  many  echoes  to  clarify  the  picture. 

The  longest  paths  considered  are  those  from  Norway  to  Leicester  and  an  example  of 
this  data  set  is  reproduced  as  Fig.SE.  On  this  plot  two  pulses  separated  by  about  0.5ms 
are  present.  The  predictions  indicate  that  this  could  be  either  a  1  hop  F  or  1  hop  F, 
together  with  2  hop  F.  1  hop  F  appears  to  be  more  likely  than  1  hop  F  for  the  day  when 
the  measurements  were  made.  The  E  layer  signal  would  be  quite  heavily  attenuated  and  it 
is  also  possible  that  for  non-average  conditions  ( ie  lower  E  layer  reflection  height)  the 

TromsizS  Leicester  path  would  be  longer  than  the  maximum  range  of  an  E  layer  reflection 

(2365Km  for  a  reflection  height  of  110Km) . 

A  noteworthy  feature  of  the  data  received  from  Troms0  and  Bodo  in  Norway  is  that 
large  differences  in  arrival  times  of  the  sounding  pulses  were  recorded  for  about  10®  of 
the  observing  period.  Fig.5F  presents  a  very  clear  example  of  this  phenomenon,  where 
there  are  two  pulse  returns  present  separated  by  about  1.8ms.  Comparison  with  the 
propagation  mode  predictions  reveals  that  none  of  the  normal  modes  can  have  such  large 
differences  in  propagation  times.  From  these  and  other  examples,  it  became  clear  that 
the  long-delayed  pulses  must  be  received  over  none  great  circle  paths  (NGC) .  Previous 
work  (10) (11)  has  connected  this  type  of  propagation  with  reflections  from  the  edge  of 
the  auroral  zone.  For  the  path  in  question  the  average  position  of  the  southern 
edge  of  the  auroral  zone  has  been  displayed  as  a  function  of  the  time  of  day  (Fig. 6)  . 

From  this  map  and  assuming  an  auroral  reflection  height  of  250Km,  propagation  times  of 
between  12  and  8ms  at  1000  and  1800  hrs  respective  y  were  predicted.  This  would  give 
relative  times  of  flight  of  between  5  and  1ms  when  compared  with  a  normal  great  circle 
IF.  reflection. 

The  recorded  time  delays  were,  however,  consistently  shorter  than  those  predicted 
from  the  map  geometry.  Moreover,  the  reflections  were  sharp  rather  than  spread  as  might 
be  expected  from  a  diffuse  auroral  scattering  process.  For  these  reasons  it  is  suggested 
that  the  origin  of  the  NGC  modes  is  the  poleward  wall  of  the  mid-latitude  trough  (MLT) . 

^he  MLT  usually  lies  several  hundred  kilometers  south  of  the  edge  of  the  auroral  oval 
thus  explaining  the  differences  between  the  measured  and  predicted  propagation  times. 

The  MLT  is  generally  considered  to  be  a  night  time  phenomenon  but  there  is  evidence  (12) 
that  it  can  be  observed  from  1400  to  0700  local  time  which  would  confirm  the  present 
observations . 

6.  THE  RELATIONSHIP  BETWEEN  ERROR  RATES  AND  SOUNDING  RESULTS 

It  is  of  considerable  practical  importance  to  investigate  the  relationship  between 
the  pulse  sounding  results  and  the  error  rates  measured  in  the  test  data  sequence.  The 
format  of  the  transmitted  sequence  has  already  been  discussed.  This  section  presents 
comparative  results  for  both  the  pulse  sounding  and  the  data  sequence. 

Fig. 7  is  a  sample  plot  of  four  pulse  sequences  and  their  associated  error  rates. 

For  each  of  the  pulse  sequences  the  following  procedure  was  followed:  First  the  eight 
pulse  returns  are  averaged  to  reduce  the  effect  of  random  noise.  Then  the  computer 
analyses  the  pulse  signature  as  described  in  section  4  to  produce  figures  for  the  number 
and  size  of  the  modes  present  and  the  signal  to  noise  level.  For  each  block  of  pulse 
sounding,  wo  blocks  of  data  arc  sent.  These  are  received,  decoded  and  stored  as 
previously  described.  once  the  data  is  in  memory  it  is  compared  with  the  original  format 
and  the  errors  counted  and  printed  at  the  b  ttom  of  the  plot.  The  error  analysis, 
however,  extends  this  procedure.  First  the  data  stream  is  searched  for  bursts  of  errors 
f  a  particular  type.  A  burst  of  high  errors  (a  '1'  where  a  '0'  was  expected)  usually 
indicates  that  a  channel  is  being  shared  with  a  second  interfering  transmitter.  A  burst 
of  low  errors  (a  '0'  where  a  '1'  was  expected)  suggests  that  the  signal  is  suffering  from 
Instructive  modal  interference.  Finally  the  totals  of  these  error  bursts  are  printed  out 
'a  line  printer  log,  along  with  a  qualitative  evaluation  of  the  condition  of  the  commun- 
i  Mi  ions  channe  1 . 

Fig. 7  clearly  demonstrates  that  the  higher  noise  levels  recorded  in  block  3.4  arc 
is  v  .dated  with  an  increase  in  the  error  rate  as  would  be  expected.  This  figure  also 
lemons t  rates  how  rapidly  the  noise  environment  of  the  system  can  change.  Between  blocks 
.  1  and  3.4  a  sudden  increase  in  the  general  noise  level  has  occurred.  This  suggests  the 
presence  of  man-made  local  electrical  interference  as  might  bo  caused  by  an  electric  motor. 

The  effects  of  noise  on  the  data  are  summarised  in  Fix;. 8.  This  displays  the  entire 
Lata  sot  upon  which  this  analysis  is  based  and  indicates  the  received  error  probability 
uoainst  t he  ratio  (S/N)  for  each  PRS  data  set.  The  points  follow  a  general  trend  from 
the  b.'ttom  right  hand  corner  to  the  top  left  hand  corner  of  the  graph.  This  is  expected, 
since  the  greater-  the  noise  level  the  more  errors  would  be  present. 

The  points  running  up  the  vertical  axis  are  caused  by  a  measured  (S/.g+N)  of  zero 
which  implies  that  the  program  was  unable  to  recognise  the  pulse  sr unding  signal  and 
therefore  could  not  fin!  a  value  for  G.  The  points  running  along  the  top  of  the  graph 


represent  error  rates  of  approximately  50%  and  hence  no  correlation  with  the  PRS .  This 
situation  is  caused  by  a  failure  of  the  program  to  identify  the  Barker  sequence.  Both 
of  these  events  indicate  a  system  failure  due  to  a  rapid  change  in  the  propagation 
conditions  between  the  reception  of  the  pulse  sounding  and  the  PRS  data  ( ie  within  25  sec) . 
This  partially  explains  the  wide  spread  of  points  around  the  general  trend.  It  should 
also  be  noted  that  multipath  fading  will  also  cause  some  spread  in  the  data  points. 

In  order  to  predict  these  errors,  the  incoming  data  stream  was  reconstructed  from 
the  results  of  the  pulse  sounding.  Waveforms  representing  different  modal  components 
were  added  together  vectorially  within  the  computer  so  that  the  resulting  vector  sum 
would  enable  the  simulation  to  take  account  of  fading  effects.  Next  a  normal  noise 
distribution  is  added,  centered  on  the  mean  level  from  the  S/N  ratio.  Part  of  the 
noise  energy  is  added  in  the  form  of  short  pulses  to  simulate  local  electrical  noise  ac 
the  receiving  site.  A  simple  running  mean  filter  was  then  applied  to  the  data  to  simulate 
the  bandwidth  limits  of  the  radio  system.  An  example  of  the  above  process  applied  to  both 
the  pulse  waveform  and  the  data  stream  is  given  in  Fig.  9.  The  solid  line  drawn  through 
the  data  represents  the  threshold  level  between  a  ' 1*  and  a  '0'  data  bit.  With  this  level 
the  data  was  decoded  and  the  number  of  errors  calculated. 

By  means  of  this  process  the  error  rates  can  be  predicted.  Furthermore,  the  effect 
on  error  rate  of  various  changes  in  the  channel  environment  (eg  data  rate,  fading  rate, 
fading  depth,  noise  level  and  radio  bandwidth)  can  be  evaluated. 

The  validity  of  this  procedure  can  be  judged  by  plotting  out  the  predicted  errors 
against  the  actual  received  errors  (Fig. 10).  This  graph  indicates  that  in  general  a  low 
predicted  error  rate  corresponds  to  a  low  measured  error  rate.  A  similar  correlation 
exists  for  very  high  error  rates  as  indicated  by  the  worst  possible  case  of  the  50%  error 

rate.  The  expected  wide  spread  of  points  due  to  the  variabi lity  of  ionospheric  and  local  noise 

characteristics  is  apparent  over  the  middle  section  of  the  graph.  The  most  serious  area 
of  disagreement,  however,  is  the  line  of  errors  in  the  bottom  right  hand  corner  of  the 
plot,  caused  by  the  program  failing  to  recognise  the  sounding  pulses. 

If  the  pulse  sounding  signals  are  employed  in  real  time  under  operational  conditions, 

rather  than  being  stored  for  later  analysis  as  in  this  investigation,  this  problem  would 
not  arise.  Under  operational  conditions  the  program  would  restart  and  try  again  if  it 
failed  to  recognise  the  pulse  sounding  sequence,  rather  than  simply  reporting  the  failure 
as  in  the  situation  represented  in  Fig. 10.  The  resultant  potential  accuracy  of  the  system 
can  now  be  displayed  as  indicated  in  Fig. 11.  This  illustrates  the  true  error  (ie  the 
difference  between  the  measured  and  the  predicted  values)  associated  with  a  particular 
error  prediction.  Thus  for  a  20%  predicted  error  rate,  the  measured  errors  will  on  average 
be  within  15%  of  the  value.  It  must  be  noted  that  such  predictions  only  apply  to  this 
particular  data  transmission  format.  The  longer  the  time  separation  between  the  pulse 
sounding  and  the  data  stream,  the  less  accurate  the  predictions  become. 

7.  CONCLUSION 

The  principal  objective  of  this  study  was  to  provide  a  low  cost  ionospheric  sounder 
for  determining  the  mode  content  of  the  received  signal  with  a  view  to  improving  system 
performance.  The  investigations  have  shown  that  the  pulse  sounding  procedure  can  reliably 
recognise  propagation  modes  within  the  following  limits. 

The  maximum  time  resolution  of  the  system  is  approximately  0.5ms  between  arriving 
pulses.  Thus  modes  with  nearly  equal  times  of  flight  (eg  IE  and  IF  on  paths  longer  than 
500Km)  are  not  easily  resolved.  However,  the  major  limitations  of  the  system  are  the 
twin  evils  of  noise  and  interference.  To  achieve  the  best  time  resolution,  a  receiver 
bandwidth  of  at  least  3KHz  is  required,  which  under  normal  circumstances,  allows  a 
significant  amount  of  noise  to  enter  the  system.  The  compromise  solution  was  to  adopt  a 
bandwidth  of  1200Hz  which  reduced  the  noise  by  50%  and  degraded  the  time  resolution  to 
about  0.7ms.  This  bandwidth  was  adequate  for  most  of  the  experiments  undertaken.  It  was 
not,  however,  possible  to  overcome  co-channel  interference  within  the  1200Hz  pass  band 
and  this  proved  to  be  one  of  the  system's  major  operational  limitations.  Under  these 
conditions  recourse  must  be  made  to  predictions,  or  a  new  frequency  selected. 

If  the  sounding  system  is  to  be  employed  as  an  aid  to  data  communications,  it  is 
important  to  establish  the  dependence  of  the  error  rate  over  the  link  on  the  mode  content 

as  determined  from  the  sounding  pulses.  An  attempt  was  made  to  identify  the  causes  of  the 

errors  ir  the  particular  data  test  sequence  employed,  so  that  the  error  rates  could  be 
predicted  from  observations  of  the  mode  content. 

In  general  the  error  rate  increases  with  the  number  of  modes  present  and  the 
expected  error  rates  could  be  predicted  from  this  mode  structure.  The  reliability  of 
these  predictions  varied  with  the  actual  error  rate  and  the  confidence  factors  discussed 
in  the  previous  section  must  be  applied.  The  low  confidence  values  sometimes  noted  are 
thought  to  be  due  to  rapid  changes  in  ionospheric  conditions  in  the  interval  between  the 
pulse  sounding  and  the  data  test  sequence.  For  accurate  error  predictions  the  pulse 
sounding  must  therefore  be  closely  integrated  within  the  data  stream.  A  possible  scheme 
would  involve  10  cycles  of  sounding  every  100  characters,  which  would  provide  real  time 
soundinq  once  every  10  seconds,  compared  with  every  two  minutes  during  the  present  study. 

This  improvement  in  predictions  would  be  at  the  expense  of  a  12%  reduction  in  the  overall 

data  rate  (at  75  baud).  Even  more  accuracy  would  be  gained  by  interleaving  the  transmitted 
data  within  the  carrier  block  portion  of  the  pulse  sounding  signal.  This  would,  however, 
involve  major  alterations  to  existing  communications  equipment  and  can  therefore  be 


rejected  as  impractical. 


The  majority  of  errors  recorded  during  the  experiment  were  due  to  random  noise. 

These  could  be  minimised  by  reducing  the  receiver  bandwidth  but  this  is  detrimental  to 
the  pulse  sounding.  This  highlights  a  major  problem  encountered  when  mixing  sounding 
ami  data  transmissions.  The  optimum  available  bandwidth  for  75  baud  data  is  300Hz, 
whereas  for  pulse  sounding  it  is  at  least  1200!iz.  For  future  experiments  of  this  type 
it.  would  be  advantageous  to  have  a  variable  pass  band  receiver  which  could  be  changed  by 
the  control  computer  to  suit  the  type  of  signal  being  monitored  at  any  instant. 

T!ie  pulse  sounding  system  is  a  low  cost  aid  to  HF  communications  which  enables  the 
structure  of  signals  received  via  multiple  propagation  paths  to  be  evaluated.  From  this 
information  an  estimate  of  the  expected  fading  induced  error  rate  is  obtained  by  comparing 
the  relative  amplitudes  of  the  active  modes.  The  measured  relative  time  delays  between 
modes  provide  an  indication  of  the  maximum  data  transmission  rate  possible  before  bit 
errors  occur  due  to  multipath  propagation.  Moreover,  the  pulse  sounding  signal  can  pro¬ 
vide  the  (S/N)  ratio  for  a  given  channel  from  which  error  rate  estimates  can  be  based. 
Finally,  the  presence  of  unpredicted  modes  such  as  sporadic  E  and  Auroral  zone  reflec¬ 
tions  can  be  indicated,  thus  enabling  the  operator  to  make  more  efficient  use  of  the 
prevailing  propagation  conditions. 
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KAV  .Jenkins.  (  a 

I  u  i  utk!  like  in  concui  ssdh  tile  authors'  observations  ol  icllcctions  Ironi  I  lie  poleward  edge  ol  the  trough.  Seven  years 
ago  at  the  <  ■  mnminieaiii  ms  Research  ( 'em  re  in  (  Mass  a.  we  used  a  large  Mills  (  ruse  at  ra\  to  make  directions  anil 
I  )i  'I'i'lei  measurements  on  signals  transit!  it  I  eil  irmn  a  I  S  A I  ( ieopliy  sies  I  ahoruiory  aueiali,  (rom  winch  we  were  able 
to  eleai  h  idem  Is  ucll-hchas  cd  relleeiions  liont  the  pi 'leu. ml  idee  ol  the  Hough.  1  hose  results  were  repealed  on  several 
I  he.  hi  s.  so  n  appears,  from  on  i  small  sample,  to  he  a  rcgul.uls  occui  mig  pheii*  mienon  I  his  work  was  reported  in  a 
pa  pel  entitled  "Direction  and  Dopplct  (  ha  racier  ones  o|  Medium  and  I  one  I’alh  IIS  Signals  u  it  Inn  the  Night-time  Suit- 
auioial  Region"  In  1 1  age.  Mont  hi  land  and  im  sell  and  was  picseiiled  at  the  A<  i  \KD  (  onleieiice.  "Special  I  opies  in 
111  l’i opagaiioii held  in  I  ishon  in  Mas  June  i')"n 

HAN  Keinisch.  I  S 

I  he  amoral  oval  should  not  he  consnleicd  as  a  possible  explanation  lor  die  propagation  ilclavs  as  you  have  done  I  he 
or, ills  .ml  iveion  phenomenon,  u  n  h  eenei  alls  low  I  iveion  loni/alion  I  lie  mid -latitude  I  region  Hough  is  ol  course  a 
tikels  candidate  l  lowevei .  U  will  he  dilticull  lo  ulentilv  01  speeds  whelhci  il  is  the  poleward  ot  ei|ualoiwaril  wall  01  ihe 
Ho:  i  eh  Since  the  pi  tic  w  .ml  wall  is  ecncialls  less  well  dchned.  d  mas  he  the  meeiil.u  dies  in  the  ei|ii.dorss,u  d  ssall  dial 
s’,  I  useil  die  side  w  as  s  I  el  lee  Mi  ms 

Siitlinr's  Kepis 

I  lie  lone  dii  tat  ion  piopae.u  toil  dcl.is  air  asvn aaicil  ssnli  well  delmeil  teller  lions  aiul  noi  sc.  Merer  I  sign  ils  liom  an 
n  reel  liar  iceton  I  his  seems  lo  hi  well  sr  nil  die  ■  ihsci  \  aiious  ol  Jenkins  cl  al  eiscinn  iIk  pics  n>us  question 
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sunn  ah'! 

Ihr  performance  of  h i gh-capar  it >  digital  radio  links  is  impaired  by  f  requenry-solect  l  ve  fading  during 
mill  t  i  pat  h  prnpaqat  ion,  even  if  the  siqnal-t  o-noise  ratio  is  adequate.  In  order  to  assess  this  degrada¬ 
tion,  measurements  of  the  amplitude  and  group-delay  distortions  were  earned  out  in  a  40-MHz  bandwidth 
at  4  GH/  on  a  l ine-of -sight  path.  The  results  showed  that  the  complex  transfer  funrtion  H(  w  )  of  the 
propagation  channel  can  be  well  approx imated  by  a  two-ray  model.  The  influence  of  two-path  fading  can 
tie  estimated  if  t  fie  dependence  of  the  notch  depth  versus  the  deviation  between  the  notch  frequency  and 
t he  rarrier  frequency  f^  for  a  fixed  bit-error  rate  is  known.  Tins  characteristic  m-shaped  curve 
signature)  was  measured  and  calculated  for  a  140-Mbit/s  16-QAM  system  for  different  values  of  the  delay 
time  t  .  for  t  tie  calculations,  perfect  Nyquist  pulse  shaping  was  assumed  and  the  effects  of  timing 
and  carrier  recovery  circuits  during  two-path  propagation  were  taken  into  account.  The  comparison  with 
t he  measured  signature  showed  a  small  degradation  which  can  he  attributed  to  modem  imperfections.  From 
the  statistical  distribution  of  the  propagation  parameters  and  the  corresponding  signature  the  outage 
t  ime  of  f  fie  16-QAM  radio  system  due  to  selective  fadinq  was  estimated  at  0.024  %  of  the  time  in  the 
worst  month  in  1C?B2. 

for  testing  modems,  adaptive  equalizers  and/or  diversity  techniques  which  diminish  the  system  sensitivity 
against  selective  fading,  it  is  desirable  to  simulate  the  fadinq  process  in  the  laboratory,  for  this 
purpose  a  two-channel  simulator  for  two-path  fadinq  has  been  developed,  where  the  indirect  wave  which 
was  delayed  by  r  =6.3  ns  relative  to  the  direct,  wave  was  Rayleigh-distributed.  By  variation  of  the 
parameter  K  which  describes  the  power  ratio  between  the  indirect  and  the  direct  wave,  it  is  possible 
to  simulate  different  fading  processes.  The  simulator  operates  in  the  4-GHz  band  and  allows  the  corre¬ 
lation  between  t  tie  two  channels  to  be  adjusted. 

(he  use  of  t ho  simulator  was  demonstrated  by  means  of  measurements  carried  out  on  a  34-Mbit/s  QPSK  and 
a  lAU-Mhit/s  16-QAM  ratlin  system.  Hero  the  bit-error  rate  was  determined  as  a  function  of  the  signal- 
fn-noise  ratio  for  different  parameters  K.  Moreover,  the  improvement  by  the  use  of  an  inphase  diversity 
combiner  was,  investigated  for  different  values  of  the  correlation  coefficient  between  the  two  channels. 


IIMRIIDUT  1  m\ 

In  radin-rolav  systems  with  digital  modulation,  f regurncy-sc 1 ert i ve  fading  occurring  in  multi-path  pro- 
pauat  inn  impair*',  t  fie  transmission  quality,  the  s  i  gna  1  -t  n-no  lse  ratio  is  then  no  longer  decisive  for 
t  tie  system  pe  i  f  nr  manre .  To  order  to  assess  t  tie  outage  time  of  the  digital  radio  system,  t  fie  propagation 
(  i  tonne  I  lias  In  he  described  and  model  led,  and  f  fie  statistical  distribution  of  the  parameters  included 
m  f  fie  model  has  to  he  determined.  Therefore,  the  first  part  of  this  paper  gives  the  results  of  pro¬ 
pagation  measurements  'amplitude  and  group  delay  distortions  in  a  4G-MH/  bandwidth).  They  allow  the 
r\  ah  iot  mu  of  t  f»e  out  age  time  for  a  |4fl-Mbit  s  16-QAM  radio-relay  system  using  measured  and  calculated 
s  I  <  ||i;it  1 1f  es . 


I  In  the  basis  nf  t  fir*  propagation  measurements  a  fad  i  nr]  simulator  was  developed,  which  will  tic  described 
m  Hie  ms  and  part  nf  the  paper,  this  failing  simulator  can  tie  used  in  laboratory  measurements  to  drter- 
mine  the  improvement  achieved  by  diversity  operation  in  t ho  performance  nf  radio-relay  links.  Since 
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with  some  diversity  methods,  tin1  nimhin.'it  ion  nf  flu*  i  tvcivcd  signals  obtained  via  different  rrrri  v  i  f  u  j 
;mt  ('firm;;  »  spare  d  u  ers  1 1  v  ^  nr  ran  icr  frequencies  frequency  diversity!  I  akrs  pi  arc  a  1  ready  in  t  hr*  HI 
mru|r,  it  is  f  urt  hr  rmiirt*  nm,!;;;.nv  tn  simulate  I  wo  fadinq  processes  with  adjustable  correlation  in  ttir 
I?)  range.  1  hr  use  nt  the  simulator  is  demons  t  rated  by  determining  the  divrrr.it  y  (jam  using  an  inphasr- 

divrrsity  combiner  for  a  ^a-Mbit  r.  IJt’SK  am)  a  1411-Mbit  s  lft -(JAM  radio  system. 

2.  rnniMCAimx  fit  asm  minis  A\n  nisnumiiN  m  a\  mimu  ? mo-pa m  modi  i 

Itie  radio  link  tins  a  length  of  km,  which  is  a  t\piral  (list  afire  for  t  hr  radio-relay  network.  Ihr  first 
I  rrsnrl-/nne  of  the  tiop  is  t  ree  for  k  r  a  t,  1  he  measurements  were  earned  out  in  a  frequency  fiand  of 
-  2H  MM/,  the  amplitude  and  group  del;n  distortions  in  t  tie  worst  month  <  2  5 — f  J  H  -  25-09-H5)  of  the  in¬ 
vest  njat  ion  period  were  evaluated,  where  only  events  with  a  max  i  mum  group  delay  disturt  ion  Y.  J  9  ns 

& 

were  taken  into  aerount  . 

for  t  tie  statistical  description  of  t  tie  transmission  distortions,  it  is  of  advantage  to  use  a  simple 
♦wn-patti  model.  Herr  it  is  assumed  that  ties  ides  a  direct  wave  a  reflected  one  with  t  tie  delay  t  arrives 
at  the  receiving  antenna.  Hie  transfer  function  of  such  a  radio  channel  is  given  by  1,2 

-  i  (tv  - U,.  J 

l 

with  a  -  f  reguenev  -  mdepenttent  attenuation 

b  =  relative  amplitude  of  reflected  wave 

t  ^  2rt  frequency  of  attenuation  maximum  notch  frequency 

T  =  delay  of  reflected  wave. 

I  i  uni  ttie  transfer  funet  ion  H  .•  we  can  calculate  t  tie  amplitude  and  (jroup  delay  distort  ion  in  t  tx*  invest  lqated 

1  rrgurnry  tiand.  Hie  parameters  a,  h,  and  T  were  for  eacti  fadinq  event  fitted  to  the  measured  curve 

h\  least.  squares  minimi /at  ion.  Hie  (jroup  delay  ; ^  has  a  minimum  for  the  rases  h  1  and  a  maximum  at 

the  notch  frequency  f  for  b  >  1 . 

o 

As  an  example,  f  iqs.  1  and  2  show  the  attenuat  ion  and  group  delay  distort  inn  of  an  event  with  b  =  1 .44  and 
-  12.7  ns  together  with  the  theoretical  curves  according  to  fcj.  1  .  Maxima  of  the  group  delay 
corresponding  to  b  •  1  as  shown  in  1  iq.  2  occurred  in  *>.9  °n  of  the  rases,  of  frequency-selective  fadinq. 

1  be  fit  of  t  tie  theoretical  to  the  measoied  curve*?  was,  similar  to  this  example,  possible  in  all  cases  of 
i  requency -se  l  ect  lvr  fading.  Hu;;  doer,  not  mean  that  two-path  propagation  existed  really  in  all  events.  An 
iqrrrmrnt  of  the  curves  m  the  narrow  frequency  tiand  investigated  indicates  only  that  ttie  transmission 
■  baract  or  l  st  i  f's  of  t  hr  radio-relay  link  within  t  t»c»  t  r  ansm  1  sc.  i  on  bandwidth  can  tie  ctescribed  by  an  effective 
li,Mi-|>oth  model  wilfi  the  fitted  parameters. 

hie  (-.ii  ert  ci  s  ft  anrl  Z  which  arc  derisive  for  the  distort  inns  are  correlated  with  eacti  other.  1  iq.  5  shows 
*  he  mean  'aloes  of  the  fading  depth  1  —  I  >  of  t  hr  transfer  funet  ion  plotted  versus  t  tie  delay  X  .  Shorter 
’'I  n  '  i  "-es  i  u  j  1 1  *  *  ipund  with  large  values  of  h  and  vice  versa.  In  t  hr  ptiysieal  model  nf  two-path  propagation, 
'"■•t  ■!«•!  ei  a  respond  to  a  small  angle  of  incidence  nf  the  irflrrtrd  wave  oil  t  hr  reflect  inq  layer,  the 

1  ’  ■  ne  i  i  e  I  Jet  *  i  <  m  •  ic  f  f  i .  ■  l  en  t  - ,  hav  c  here  h ighef  values  t  ban  m  t  h  st  ecp  me  \  deuce  . 
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If  the  statist  iml  d  i  st  r  i  hut  l  nn  of  the  parameters  b  and  T  of  the  measured  fading  event?;  is  known,  the 
influence  of  two-patfi  propagation  on  the  digital  radio-relay  system  can  be  evaluated  quantitatively, 
lo  this  end,  t  hr  sn-ralled  signature  was  introduced  m  /  5 . ' .  f  irj.  U  shows  for  different  values  of  t 
over  I  fie  offset  between  t  tie  notch  and  carrier  frequencies  that  value  of  t  tie  notch  depth  /1-b/  at 
wt”rh  a  tut  error  rate  of  10  *  is  reached,  the  critical  notch  depth  20  lq  /1-h/  decreases  with  increasing 
j  .  therefore,  t  fie  sensitivity  of  a  radio-relay  sy?;tem  to  frequency-selective  fading  will  increase 
with  t hr  height  of  it?;  signature,  the  dashed  curves  were  measured  on  a  commercial  16-QAM  140-Mh:t/s 
radio-relay  equipment  .  In  tie  able  to  obtain  information  quickly  for  other  delay  time?;  and  to  keep  the 
results  free  from  t  tie  influence  of  modem  imperfect  .ions,  t  tie  ?;i  gnat  ore  cnlculat  ions  were  carried  out 
with  an  idealized  mode  l  .  In  this  connection,  it  was  assumed  that  t  tie  transfer  function  for  the  total 


*i  1 1 M  is  f  rrr  in  tadmq  ;nf'  hand-1 imitrd  arroi d  i  nq  I  u  t  hi*  \s quint  nitrria,  i.p.  t  hr  owm a  I  1  t ransfrr 
)'>'■*  1 1  if »  has  t  hr  raisrd  ni:;int*  f  ‘n -t|i  jt*r  ii  ic  *.n  t  fi.it  thrrr  i  ■ .  dm  int rrssmhnl  l  nt  pi  f  r  i  cun* 

t  Me  -..implmq  instants.  lhr  I  immi|  and  c;iri  K‘r  rmivi'i  \  nrnnts  wpi  p  rnndrllrd  thus  takinq  into  .-imiuiit 
ip  ptfppt'.  nf  timiriq  and  phasr  utfsrhdoiinq  I  wn-pat  h  prnpaqat  ion.  In  I  iq.  4  qnni!  nqrrrnirnt  hrt  worn 
ihul.dod  and  immsurrd  rrsults  r.ifi  hi'  la  rnqri  i  /pd . 
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m>*iM  drpths.  In  drlrrminr  t  hp  nut nqp  time*  of  t  hp  radm-rrlas  svstem,  t  hr  worst  valor  of 
I  -  I-'  •»  HI  K  r  |l)  ror  rrspond  trie)  to  t  tip  hiqhrst  point  of  t  hr  siqnaturr  war,  plot  t  rd  in  f  iq. 
■a'-',  t)  I  and  h  1.  whirh  rrsu  1 1  in  rfiffrirnt  s  i  qnat  ui*p  . „  arc  drsrrtbrd  t>\  onr  branch 
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4,  TWO-PATH  MOOEt  t  OR  DIVERSITY  OPERATION 

The  possibility  of  ripsrribinq  all  fading  events  by  an  effective  two-path  model  points  also  to  a  simple 
wav  of  simulating  them  in  the  laboratory.  However,  since  the  test  of  diversity  methods  requires  the 
generation  of  two  propagation  channels  with  defined  (adjustable)  correlation,  it  is  necessary  to  extend 
t he  two-path  model  to  these  two  propagat ion  channels. 

let  t he  transfer  function  Hj  (  *v  ,t)  of  a  propagation  channel  1  be  given  by 

H1(  .i1t)  -  a1  -  %(  +  )  ‘*xp(-K'J-Uj(t)  ’•  (2) 

In  a  twofold  diversity  arrangement  there  is  a  second  propagation  channel  with 

H, ('•>,  +  )  -  -  b?(t)  py p(-j(t.i-vp(t)  'fp)  (3) 

from  t hr  transfer  function  we  can  calculate  the  amplitude  and  group  delay  distortion  /!/. 

Hie  delays  v  ^  and  X  ^  are  assumed  to  he  constant  as  an  equipment  realization  of  different  varying 
delay  times  would  have  hern  difficult.  In  accordance  with  the  propagation  measurements  /2/  we  set 
f  |  -  X  =6  ns.  the  measurements  of  the  amplitude  and  qroup  delay  distortions  in  a  wider  frequency 

hand  described  in  Section  2  showed,  however,  that  an  effective  two-path  model  with  variable  delay  time 
allowed  a  better  description  of  the  experiments. 


for  t tie  wave  arriving  at  the  receiving  antenna  with  a  delay  it  is  assumed  that  its  amplitude  is  Rayleigh- 
distrihuted  and  the  phase  relative  to  the  main  wave  is  uniformly  distributed  in  the  interval  0  to  2  7z  . 
Ihis  means  t  tint  at  a  fixed  frequency  .  o  =  1,1  in  the  relations 


h1(t,>  ®vp(-i(uc-«.1(  +  )  IT)  T  +  *  ^(C) 


^,(t)  exp(-.l(tu  )T) 


>(t)  +  i  y?(t) 


t  tie  quant  it  ier,  x  ^  x.^  and  y 2  have  a  Gaussian  or  normal  distribution  with  the  mean  value  0  and  the 

variance  *  .  furthermore  the  following  condition 

VV  =  "x2y2>  r  0 

has  to  apply,  i.e.  the  mphase  and  quadrature  components  of  the  Gaussian  processes  producing  the  fading 
shall  hr  uncorre lat ed .  Additionally  there  be 

V2’  =  <x2yl'  :  0 

rorrelation  between  the  transfer  functions  for  the  two  diversity  brandies  is  determined  by 

p  n  =  ,"x | x2>  =  <y  1 1'2> 

On  the  preceding  assumptions  the  .joint  probability  density  is 


* 2  ’  y  1  ■  y2  '>  =  Pf  X1  •  )p(  y  1 ,  y  ^ ) 


n(Xl ,y?3 


’  r  ?ne  /I  -Q?.  i  (1  -<>£)?* 

An  ana  1  ngoiis  cypres?;  mn  results  for  p  f  y  j  ,  y  2  ^  /  A  /. 


{A  -  • 


With  these  assumptions  the  statistical  characteristics  nf  the  two  transfer  functions  Hj(  w,t)  and 
Mv'«j  ,t  have  been  defined.  The  complex  spectral  densit  ies  of  the  received  signals  Rj(\>  ,t)  and  R^(7 
,t  ran  then  tie  obtained  as  follows 
R,  ,  t  '  =  Hj  fo>  ,  t  )  Sf/,>  ) 

V  ,  t  =  M  i  (.)  ,  t  )  S'  ■»  ) 

whore  1  (a)  ,  denotes  t  tie  spectral  density  nf  the  transmitted  signal. 
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inn. it  III'  i  j  i  \  i'ii  in  i Insod  form.  However,  inner  the  prneess 
t  .  uf  t  h  n  11  ir pns  1 1  i  ■  ir  i  nf  i  t:  i .  ]  *■ :  |ii  -  f  i  .t  i  iimf  ill  component  on  ;»  direct  one, the  marginal  distritm- 
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III’  ;i.n  ii'ii  •  1 1  ■  r  I.  i  dies  the  rtil  m  of  I  he  menu  power  of  f  lie  delayed  component  to  the  power  of  the 

fill'  i  '  Mini  mi  lent  .  I  he  piohahililv  density  relative  to  Tj  ^  1  !i  then  given  hy 
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I  in  (tie  1 1  >  1 1  it  prohat*  i  1  1 1  \  density  p'Aj,  A.,)  or  ppp  r^)  we  ohtain  a  cloned  expression  only  in  the 
event  of  pme  fhnleigh  fading  see  for  instance  /  '>  /). 

ttie  correlat  mn  met  I  i e i not  for  the  absolute  vjiluer.  of  the  receiving  voltages  and  A^  as  well  as 
i  |  arid  t7,  wliirti  ran  easily  tie  determined  hy  measurement  on  I  lie  fading  simulator  can  tie  calculated 
ipp  i  i  ■  i  mat  e  1 1  if  the  statistical  definition  of  I  tie  moments  '  U  i ",  introduced  witti 
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w  ;i  complete  i'|];trai'lf*n/ut  urn  ot  two-path  tadiuq,  it  is  essent  i  ;i  1  to  know.  m  addition  to  tin*  st at  lo¬ 
cal  d 1  - 1  i  i  [  iul  1 1  ii  i  nl  tin*  paramet el s  in  I  t|;i  •  /.  1  .wul  \  d  ,  also  t  hr  into  of  chanqe  of  the  fadinq  event. 
ie  power  density  speet  rum  of  ttie  tadnuj  event  (Doppler  power  density  spertrumj  is  nht  allied  via  the 
nor  no  transformation  f  i  om  t  fie  nut  onir  re  1  at  ion  junction  (  A"f  )  of  the  mphase  or  quadrature  component. 

.  the  measured  Aid  *s  often  tiave  a  hr  I  I -shaped  curve,  an  approx  iniat  ion  by  a  liaussian  four  l  ion  is  possifile 
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•  width  >d  the  Doppler  spectrum  which  is  defined  as  the  root  of  the  second  cent  1  a  I  moment  irlative 
b  t  lead';  to  t  tie  meai  \  f  ad  i  m  j  I  i  ec  |uenc\  f  ^  ^ .  huh';  t  i  t  id  l  n<j  i  I  into  i  1  '»  )  we  util  a  1 1  ■  S 
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he  fadin'}  process  wilti  (tie  previously  defined  mat hrmat leal  id  laraet  or  i  st  i  es  was  irali/ed  as  shown  in 
he  binds  diagram  in  I  nj.  U.  Die  liansmitted  snjnal  is  first  d  i  st  r  I  t)dt  ed  to  t  tie  two  channels.  In  ear* 
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ansmitted  sitjnal  is  first  distributed  to  t  tie  two  channels.  In  each 
into  Hi  r  <li  l  ec  t  eomponent  arid  the  component  delayed  by  X  •  D.e  dela\e 
lias  alieady  hef»n  deser  thed  in  ill  and  /H,  .  Since  the  i  inij  mudolatoi'; 
ol  s  tree  In  he  opeiated  mtti  oik*  very  larrje  signal  switching  I  tie 


diode,  on  amt  off,  the-,  lepiesent  a  noti- linear  component. 
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I  he  rat  m  of  t  hr*  nmn  power  of  t  he  i  It*  1  *  i  \  t  *  tl  component  to  t  fiat  of  trio  direct  component  .inti  b\  t  hot  t  ho 
parameter  k  fq.d'  ran  be  adjusted  separately  for  both  rhanrte  1  s  with  two  at  t  or  mat  or*;  A,^  and  A^. 

[tie  mixers  an*  driven  by  the  noise  generators  Rti^,  Rhp  Rf and  Rc/.j.  these  nuisr  ijcnr rat  ors  produce 
a  fiaussian  d  i  at  r  1  tint  ei  I  voltage  with  t  tin  moan  valuo  0  and  t  hr  variance  g  .  they  consist  of  feedback 
,!  sift  reg  i  s,t  ev s .  Summing  up  of  the  individual  taps,  of  t  tie  stuff  register  yields,  according  to  the  cent  rat 
1  nit  theorem,  a  bailsman  pr.  aatn  1  1 1  \  density  for  t  fie  sum  amplitude. 

in  nfd.un  the  mr  n*  1  at  i  on  between  the  corresponding  no  me  general  ors  required  according  to  fq.  ■'  S  ■ , 
f  k'ji  >  oncoriclated  noise  signals  ran  be  weighted  according  to  t  tic  des  l  red  degree  of  rnrrela!  ion  arid  summed 
up  B  .  f  at  trie  equipment  built  up  in  our  lahnrat  ur\  a  different  solution  was  chosen.  Since  t  tie  noise 
m i* •  i  »t  nr  .  *.a\e  an  Aft  according  to  I  q.  .  I *»  ,  it  is  possible  to  determine  the  cross-correlation  between 
•  iv  i  i  di  •;  i f  1 1  a  1  generators  from  fq.  .IS1,  which  are,  however,  delayed  in  their  clock  time  by  ri  A  t  . 


A  ncipufet  s  i  mu  1  at  i  or  i  supplied  t  tie  following  valor's  for  a  delay  of 


,  r  !|.  7‘* 


A  ■  nuipar  t  si  in  of  t  hr*  tabulated  values  with  those  measured  on  the  generators  showed  good  agreement.. 

Ihn  hading  .  pm,  lot  ur  was  tester!  by  first  separating  t  tie  noise  generators  and  by  checking  at.  fixed  tie 
v  n  1 1  arjes  on  tfie  ring  modulators  whet.tc'-  the  transfer  function  for  the  two-path  model  was  simulated, 
bond  agreement  was  obtained,  the  R  t  ce-d  istr  itn  it  can  of  the  output,  amplitude  required  when  driving  the 
ring  modulator*;  c  1 1  h  the  noise  generators  and  a  fixed  rf  frequency  was  tested  as  well.  A  typical  result 

nt  t  ho  •  nn'.par  i •■>(in  is  shnvjn  m  f  uj.  7. 


C  .  i  1  .  id. 


1  g  .  .  :  'm:  |-  .i  i!  i  *■ 


and  (  a  h  ill  at  ed  -  d  i  st  \  ibut  !  "i  i  ■  d 


>  ji  j  ii  jf  a <g  1 1  i  t  1 1 1  If  *  I  II  d  i  t  f  <  g  f»i  it  V  ’  a  1 1  h*s  at  .  i  I  l  >  nd 


It  1  hr  fregurncv  is  altered,  the  distribution  ; ;  > » c  >  *  j  1 1 !  change  as  1  1 1  t  It*  as  possible*.  Measurement  s  of  t  hi* 
(h  of  i  ibut  inn  in  t  he*  t requenrv  range  hot  wren  5.8'>  and  4.0**  (iff/  show  a  variat  ion  of  about  5  dll  for  t  he* 

%  value,  i.e.  t  fit*  corresponding  value  for  t  fie  parameter  K  =  20  lcj  k  is  ad  just  pel  with  an  accuracy  of 


the  :;t  at  t  st  i  (  a  1  correlation  between  t  fie  output  voltages  of  the  two  channel?*  was  also  examined. 

Accord  i  nq  to  fq.  >151  this  correlation  is  dependent  on  t  tie  com*  1  at  inn  £>p.of  the  noise  generators  and 
I  he  k-value,  i.e.  t  tie  ratio  of  the  mean  power  of  t  tie  del. axed  component  to  the  power  of  t  tie  direct  compo¬ 
nent.  F  ig.  ft  shows  t tie  correlat  ion  coefficient  between  the  output  voltages  as  a  function  of  Kj  =  - 

-  K  =  21)  hi  k  for  0  The  solid  curve  w;i?;  calculated  from  fq.  (13),  t  tie  moments  of  the  distributor 

being  determined  by  numerical  integration.  The  plotted  dots  indicate  the  mean  value,  the  error  limits 
the  standard  deviation  of  t  tie  measured  results,  there  is  good  agreement  with  the  calculated  results. 

We  can  rernqni/e  that  for  K  <  -b  dH  ttiere  holds  p  ^  in  good  approximation,  i.e.  for  t  tie  values 

uf  V  which  tiave  In  he  adjusted  for  t  tie  tost  of  digital  radio-relay  systems  the  correlation  between  t  tie 


output  voltage'-;  is  equal  to  that  between  t  tie  Gaussian  processes. 


PG  =0.66 


F  ig.  fl:  falrulated  — )  and  measured  '  J  correlation  coefficient  of  t fie  output 

voltage  of  the  two  channels  with  a  correlation  of  the  Gaussian  generators 
nf  p  -  f).bf>  as  a  function  of  K 


h.  f)f  Ff  RMI\AI  tnSl  f  IF  [)l\,  Ffr.JlY  lMPRflVf.Mf.NT 

Aftei  hav  mg  tested  t  tie  function  of  the  fading  simulator  and  t  tie  statistical  distribution  of  the  para¬ 
meters  result  mg  from  the  model,  we  carried  out  measurements  on  two  different  systems,  namely  a  140-Mbit/s 
W.-IJAM  and  a  diJF’SK  system.  It  was  possible  to  determine  t  tie  improvement  resulting  for  both  systems 


if  an  mphase 


iversitv  combiner. 


fading:  f 


l  r  i  t  tie  fJi 


inw;  the  block  diagram  of  t  tie  test  set-up.  The  mphase  combiner  consists  nf  a  phase  shifter 
lusts  f  he  phase  of  t  tie  signal  in  t  tie  diversity  patti  in  mphase  I  n  the  signal  in  the  main  path, 
impose  nt  generating  a  phase  control  signal,  t  tie  phase  of  t  hr  diversity  antenna  signal  is  modul¬ 
i'  1 1 da  1  I v ,  which  results  in  a  AM-mndu I  at  inn  nf  t  tic  combined  signal  power.  Ihe  fundamental  modu- 
imponerd  of  t  tie  rnmtiined  signal  i  s  detected  and  used  in  a  feedback  arrangement  to  control  t  tie 
f  t  rf  value.  It  ran  hr  shown  that  t  he  condition  of  t  hr  vanishing  AM-component  of  t  tie  comb  lord 

'.nits  m  maximum  power  combining  of  Hie  two  diversity  branches.  S  i  mu  It  anrniis  1  y ,  maximum  power 
j  will  to  some  extent  reduce  inhund  amplitude  and  group  delay  distort  ions  caused  hv  select  l ve 
or  mst  anr  e,  if  one  or  both  diversity  blanches  experience  fade  notches  well  within  t  tie  channel 
i,  the  dist  nt  t  inns  m  t  hr  combined  signal  will  tie  less  severe.  Ihere  are  channel  conditions, 
wtveie  tint  tv  Hv  signal*-,  aj  e  at  fettl'd  b\  linear  amplitude  distort  inn  of  the  same  slope 

larmel  tiandwidtti.  lt»e  comtimed  signal  will  f  fieri  experience  about  t  tie  same  linear  amplitude 


dist  nrt  i on. 


transiii 


l 

1 

L. 


UI  \L  1 
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simulat  or 

!  ret  eiver  p 
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nert; 


(  ii).  :  H  I  urk  <1  j  m  ji  am  of  tin* 
t  i  ■  ■  1 1  set  -  up . 


-put  h  t  nl  Mill  rnridit  inn?;  ran  now  hr  clrrnnnst  rat  rd  in  t  hr  rrsults  of  mrasuir- 
i  u  j  »  1  al]-Mb  it  .  s  I  h-QAM-sy  st  cm  j  l  cp; .  10  and  II  .  In  both  f  njurrs  t  tin  bit 
I  hr  airi  ;n)C<l  input  powrr  of  t  br  main  siijnal  for  t  hr  norm*  s  irmil  at  rd  fadmq 
1(]  (IM  m  |)i  it  1 1  rhannrls.  I  hr  straiqht  1  mrs  drnnlrd  by  K  -  -00  dM  irfrr  to 
i  hr  i  nia  I  nn  i  sr . 


A 

dBm  “60 


•  ’  I  •  I'  jr  d  input  poi-jri 
1  a  '  -  I  'Ot'hV 

hi'  I  J  t  i!|i  I'l  ',  |  t  \ 


Ii:  A\  *  *  j  ;  h  jr  d  Hf  K  \o.  avrraqrd  input  powrr 

■  »f i  ;inf])r  til  anrh  tor  a  laU-Hbit  .  s  lh-IJAM 
ssstrm  i*j  1 1  f  i  and  without  divrrsitv 


,.t  i*--  |  /  -  - 1 J  A  r  1  ,i  ,-r,  without  In  ft  sit  \  is  much  puorri  rnmparrd  witti  that 

i  *  j  i :  f  h  i  i  Tfi. )  i  U  .  it  *  I  r  i  npf  i  >\  rrtirnt  «  an  hr  uliM'i  \  f’i|  if  t  hr  diversity  rnn- 

!  ;  .  ■  r  - ,  i  f  .  1 1  .if »»  h  '  |  ,  !(»•  I  ■  1 1  .  t  |  |  s  ur  n  1 1 1  i  r  I  d  f  a  I ,  t  tir  <  u  J  \  r  s  of  Hf  I?  v-r  rsi  is  a  v  f*  I'ai  jrd 
i !  ?  •  >?  f  hi  •  i  r  .jin  I  i '  i'  • , \  .t  cfti  iv  1 1  fioi it  1 1  v  ru  •  1 1  \  st  rrssrd  on  l  v  f  >\  t  I ir  rma  1 
■  f  *  j  • »  vh  1 1  h  i  an  ,m>  dr  f  mum]  as  t  hr  i  at  in  of  Mm  input  powri  without 

*  ‘  1  d  .  i  'jiwn  Iff  ft  is  ri)ual  to  S  dB  fur  t  hr  IJI’M-'- s\ •*  rrn  and 


H  PH  f 


Hp  !f.-lJ*Mt  iMii.  Ih).-;  van  tu-  »’\p  1  a  11  it*d  t » \  llic  fart  t  lint  ttii1  nimli  1  fid  irdurp*. 


1  *  >  ■  !  it  urns  M  t  lir  (h.Hiiicls  In  *  ;i  nut’  rxtrnt.  I  fit*  rr  t  mr  the  prp  t  unuanrr  nf  t  hn  I  f  j  —  f  JAM  system, 
tc  : . i •  I » 1  r  t  n  •'  fading,  i'.  mi  the  other  hand  iimrc  improved  if  diversity  and  maximum 
:  ur  uu"!,  I  >;[  I  hri  mea- ,i i rement  ■  of  tin-  diversity  (jam  usuuj  (ilftereid  diversity  coinhiiiiiui 
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K.V\  Hubbard.  I  S 

Would  vmi  please  explain  file  manner  m  which  \ou  control  the  correlation  between  the  two  channels  of  your  simulator. 

\ulhnr*s  Repl> 

1  lit  eor  relahoii  is  controlled  In  the  correlation  of  the  ( iaussian  generators.  They  consist  of  feedback-shift  registers.  The 
d"ssei'ii  lat ton  between  two  identical  shift  registers  can  be  changed  il  one  of  them  is  delayed  relative  to  the  other  by 
n  \f.  where  \t  =  I  lv .  with  t  =  clock  frequency  ot  the  shift  registers. 

I  tins  u  is  p» >ssible  h *  change  the  c< irrelatu >n  of  the  generators  in  discrete  steps,  in  our  ease  by  c  =  1 . 0.97,  0.9.  0.79. 
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SUMMARY 

In  4  and  6  GHz  digital  radio  links  the  Bit  Error  Ratio  (BER)  increases  strongly 
during  deep  multipath  fading. 

This  paper  deals  with  the  so-cailed  "angle  diversity  technique"  for  multipath  fading 
reduction  where  use  is  made  of  limited  scan  antennas.  Antenna  design  criteria  for  this 
purpose  arc  investigated  under  the  assumption  that  only  group  delay  requirements  instead 
of  lading  depth  are  the  determining  factors  to  fulfill  BER  specifications. 

In  a  two-way  fading  model  the  maximum  group  delay  t  .me  difference  is  in  first 
ipproximut ion  equal  to  the  ratio  between  the  minimum  received  signal  strength  and  the 
path  delay  time  difference.  From  simulation  measurements  it  is  known  that  group  delay 
t LPie  differences  are  dependent  on  the  worst  BER  and  the  modulation  system.  Quantitative 
information  is  given  for  34  Mb/s,  8  PSK  and  for  140  Mb/s,  16  QAM. 

The  path,  delay  time  difference  and  the  angles  of  arrival  are  calculated  in  a 
spherical  pro:  tgution  model.  To  come  to  a  design  procedure  independent  of  refractive 
index  profiles  it  is  assumed  that  each  ray  is  influenced  along  its  path  by  a  constant 
refractive  index  gradient.  This  means  that  for  given  link  geometries  generalized  graphs 
•huruct  r i ing  the  propagation  of  each  ray  will  be  shown. 

' 'crib  i  ri  inu  the  results  from  the  spherical  propagation  model  and  the  group  delay 
■g  .  an  tints  allows  the  computation  of  the  maximum  fading  depth  for  given  angles  of 
irrivil.  in  this  way  the  pattern  envelope  of  limited  scan  antennas  around  the  angles  of 
interest  can  be  derived  under  the  assumption  that  infinite  deep  fading  occurs  if  no 
.1  i  vei  i  *  y  technique  is  used. 

1 .  INTRODUCTION 

In  1  OHO  a  .number  of  European  countries  (Belgium,  Federal  Republic  of  Germany, 
i'r  mee,  Finland,  Italy,  The  Netherlands,  Sweden,  United  Kingdom)  and  the  European  Space 
iVier.ey  chart*., ,1  a  project  in  the  field  of  phased  array  techniques  and  technology.  This 
pr  a-  •?  in  Iturm  -carried  out  within  the  framework  of  COST  (European  Co-operation  in  the 
:  i>  i  !  ">f  .  c.-  i  or.  t  i  f  i  c  and  Technical  Research)  and  is  entitled  COST-204  project.  "Phased 
Arr ty  Antennas  and  their  Move 1  Applications".  One  area  of  interest  within  COST -2 04  is 
limit,-;  soar,  hybrid  reflector  antennas  for  the  reduction  of  multipath  fading.  These 
in*  a,:  is  f  rm  mam  ribnt  ion.  in  COST-204  of  the  Federal  Republic  of  Germany  and 

l  .-.erl  an  is  (Ref.  1  1  . 

V-  ;  ;  i  « i l  1  the  re jp  requirement  s  on  digital  radio  links  for  frequencies  up  to 
:pv  men  ;  ir*  .;  such  as  fn  tuency  diversity,  height  diversity,  angle  diversity,  adaptive 
;  ,  il  ur  re  t  id  a  ■'  i  m-dilat  i  on  nemo, hi  1  at  ion  are  proposed,  in  order  to  suppress 
:  r  •  ■  m--r:  ••/  s<  l »•« -t  iff  fa  iir.u. 

In  t  hi  \h  r  in-r  I  .inti :  tin-  hr  Ni-hi-r  I. ah  <  V  IT  I  ami  (hi-  Delft  University  of  Tit  line  1  ej;v  in 
i  hard  pro  .  ir-  s‘  .lyini  t  :;*■  feasibility  nf  "angle  diversity"  techniques  for  fading 

r i  !■:*  ion  c  ‘in  :i  -civet  :;i  ■■  f  i  4  r,|jc  ■ :  i  il  microwave  i  i  no  of  sight  1  ink.  Two 


;it  i 


to  t  urt  her  improve  t  hr  pr ed l rt  1 1 ir i  ah  i  I  i  f 


just  i  t  j  at • 


i  h;it  ,•  s  ahi 1 1  -it  t-  measures 


n.-il  |  1 1  r poses . 

j  i :  J  f-r  |-ut  i  m  i  assess  !  i  u  i  overall  per  f  nrmanre  and  prohahilitv  of  mission  sui  res:;  at  t  Pi¬ 
le,  i -it  Sf.j  ttiau  t  i  \  ui<|  til  calculate  detailed  leiMiinai  (neat  inns  amt  performance  id  individual 
v)  i  ipe:  it  dip;  with  knowledge  of  the  expert  ed  magnitude  of  local  variations  and  possible 
ipai pit  i  on  ;;  i  t  oat  ions  will  allow  a  flexible  si  t  i ng  pulley. 

Hint  i'in  measurements  will  therefore  he  made  to  gather  data  for  ralihiat  ing  our  model,  and 
!  ant  ,  dal  a  no  signal  variability  in  various  terrain. 


1'p  :  "transmission  loss  Predict  ions  for  tropospheric  rommuo:  at  ion  Circuits",  V 

V:-h  '  •  •  e  P  n 1 :  a  I  \nt  e  101. 

:  iff  ■  !  i  l'o*5.:  "\DRt  transmission  annul  at  ion  Program,  Users  Reference  Guide". 

I  a  laplio  1,JlH  m.  "I  hi*  Predict  ion  of  f  ie|d  St  rerig  l  h  in  the  f  reuuenry  Han<je  50  -  1  Ul  If ) 

*  f  ’  .  1  ade  i  i  l'Ca-:  "Predict  ion  ami  (’aim  l  at  ion  of  liaosmission  Loss  in  Different  T  v  [  > 

|  -  i  I '  —  1  -4  , 


f if  -k  Due  I  und-Hanssen  whn  was  responsible  for  the  computer  transmission  sim 
to|'  assistance  during  ttie  field  measurements. 


:  :  , ■  f  \  j  I '  , ..  ?  i  ■  t  ;  1 1|  |1  1 1 :1  ■  I  ■!  v  .1  ;  w  l  t  '•  I  1  [ :  -1  II  HI'  '.i  f  -as  nut  Peer  |  wl  i  f  |  n|, 

*ith  rni'M'iAiit  iv»-  .,ssumpl  1 1  k  u.  -ihn.it  1 1  ,i»«i  ji  hi'v  Hint  st  at  ist  lea  1  pi  •  if  t#  •  I  t  n«.  uf  flu*  f  i  »■  Id  freasui  H"H,t 

1 1 ;  j  r  .  i ,  si  he  it  ■  important  ohservat  inns  mov  he  made  t  rum  figure  4  and 

If  tr,  not  Mil  that  the  measured  S 1  i  Jl  »U  1  p’vels  ut  54/'  MM/  Hie  nillMSl  t'l;t  I  V  beli'W  *!■»■  pindl.tn,!  >  H  1 1 1  *  • ' . ,  -M 

I)  f  If  f  1  #11  MM/.'  t  he  rrvtMMt’  is  turn,  t  he  predict  ions  being  on  t  Mo  pessimist  u  ■  ode. 

I  -  M  n  I  r  It  j  f  t>  i  s  "scaling  error"  and  fitting  u  simple  1  propagation  «  hi  v  .*  ti.  -t  d  [ir’,  r>-d  vtln",, 

it  i  ■  •  ev  Merit  that,  the  computer  predictions  are  limited  t  u  « o » r n  id  aPn.,t  t  dB  *i  "  ft 

1 1 1  f  ic  i  work  4'  supports  ttiis  observation,  mdieat  mq  that  t  tu-  use  nt  mi  i-.  '  im  *  "  '  '  ,s'  '■i'  •  i  :'!1  at 

■  * ■ , iv  tm •  irisuf  f  ic  i  not  for  use  in  rugged  areas. 

1  Me  ;-osn  lot  »*  values  uf  t  tie  difference  between  t.he  predict  ed  and  rmse  nc"'  -.n,  n  .->•  *■  .■  .  .  '  ' -d 

accur  d  i  r  ,l|  tn  normal  i/ed  nunitier  of  oci'urenres ,  see  figure  n. 

Msimj  tliii-  diagram,  t  fie  median  error  is  found  to  tie  2H  dB  at  54/'  MH/  and  1'  if 

1  fa-  laiqe  errors  at  54,  S  MH/  may  be  explained  tiv  wrong  f*st  mates  of  giuond  pa:  •  :  ,  :  '  >  s,  ed  oi'iij 

effeds  m  t  tie  topographic  data,  qivmq  rise  to  diffraction  edijes  in  r  Mer  v»  i  •  ••  ■  •  c  *  ■  . 

A  detailed  invest  iqat  ion  of  the  material  substantiates,  t  lie  pi  esence  of  "  i  «cd  . ace  ' .  '  '*  .p.n  •  iun  pat  tis. 
Uir  measurements  on  540  MH/  are  of  particular  interest,  since  the  nbseived  to  .d  t  i  i  d  •"  ,t  lv 

exceed';  the  pd  edict  inns  bv  HI  -  3(J  dB. 

lift  some  pat  to;  the  low  prnpaqat  ion  loss,  cannot  be  explained  Mv  l US-seqment s  oul  .,  and  let  In  f  im  s  tiun 
Murt/nntal  obstacles  along  the  line  of  propagation  were  suspect  ed. 

1  < :  ,  I  i  ■('  t  inn  nt  the  map  from  the  I  YlAf  test  area,  figure  2,  rev  a  Is  ttiat  this  verv  well  mav  be  the  case. 


I'l'.l  IISSION  Of  RRMHCUON  AOdlKAf'V  AND  PtJSSIBl  1  IMPROVE  Mt  MS  IN  A  TAM  IfAl  fUNU  XI 


f  ci  us  im  j  the  attention  again  on  the  general  problem  of  deterministic  propagation  calculations  m  rugged 
*  c i i  ,  j  i n ,  we  percieve  a  confusing  picture  of  diffraction,  local  scattering,  horizontal  multipath,  non- 
'  '"’nipnims  qioiind  cnndit  ions  and  a  variety  of  other  phenomena.  This  is  illustrated  in  figure  7. 


I  at  j». -scale  topographic  features  influencing  VHF/UHF  propagation  may  be  modelled  with  reasonable 
iciuiacv.  Ibis  includes  horizontal  scattering  from  mountain  walls  etc.  To  improve  our  prediction  abi- 
I  ! t  v ,  qiound  conduct  i  v  it y  and  permittivity  data  must  he  mapped,  furthermore,  vegetation  effects  must  be 
tcrhnVl.  If  this  can  he  done  for  each  resolution  cell  of  the  data  base,  eg.  30  by  30  metres,  the  possi- 
MiiiU  nf  predicting  path  loss  between  sites  unobstructed  by  local  scatterers  should  be  fairly  good. 


act  i 
nth: 


•a  1  iituat  1 1 in  this  procedure  may  become  grossly  inaccurate,  since  a  tactical  communicator  must 


•  tfi'd  rijuf  ert  fir  even  concealed  antenna  emplacement  s 
; )  uuvigat  innal  uneerfaintv  nf  100  metres  I'tB) 

•  .ci,  5  c>i  ji  jt  i  ,  q  imat  es  of  ground  and  vegetation  parameters  along  a  given  pat  h . 

Adding  the  s  ••gu  i  !»•"»,., g  s  for  mi  lit  an  lv  sound  deployment  and  considering  the  establishing  of  radio  net- 
w » u  k  • , ,  upt  i  rr.  i  /  t- Kj  •  *h  f  d  i  rninnnii  icatmn  link  t)v  detailed  propagation  modelling  seems  rather  unrealistic. 

o.  v  lulddol  up]  a  >  i  iinpi  jt  t  •  i  inudel  usmu  data  from  actual  measurements  in  various  terrain,  we  believe  that 
the  -rrdi.m  •iijual  level  af  a  given  spot  mav  he  eg!  j  mated  to  within  i  10  dB  w  1 1  tt  better  than  7'?  % 


ft  j-.  atnrm  r;  m,1  i  c  tn  avoid  r  1  ear  I  v  hopeless  Incatmns  for  communication  or  electronic  warfare 


1,  „  >;rarv  f  If:  dh  would  ainn  be  t-elpful  f<-i  emi'ision  'powd  cunt  ml  purposes. 

i  ■  r  * "  -  f  f  * '  i;»  pu;  .  1 1  >  I  *  •  Kill  1/nnt  il  n-f  |,.|  lions  ir.fv  r  ause  severe  nmltipatti  protHems  m  transmissions  systems, 

. .  1  1 1  •. )  v  M,.  j.-vr-ab-d  Pv  im  v  - 1  j  uf  i !  i! ;  in  the  pi  opagat  inn  inode  !  .  Bv  alerting  operators  to  t  best* 

•  ;  •  i  ,  I . .  ^  p  ,<  j  t  |  Mf  i  •  d  I  e  1  u  v  ‘  •  If  id  r  i*  d  w<  u  k  r  «m  te-  i  M  a  v  he  Of  it  on  ]  /  ed  W  I  t  1 1  J'.Ol't*  f  at  O  I'S  in  mind. 

|i.,  r  ;  ,v  [  <n  j  Hm-  .  nimi’i  ir  i  m  at  i  nrc:  e  W  fi|fir*u  witt.  **: : »  i  n-a »  e*-.  of  t  tie  expec' t  ett  vat  i  at)  i  1  1 1  y  in  propagation 
,  .11  .*.♦  c  p.f  M|:.ib  i  1  It.  V  -if  'I".-,  1 1  If  ■  Mil . .  Min  he  object  i  v  e  1  v  assessed  at  the  planning  stage. 


'  1  -\I  •  I  :Pi  v;  ef  MAdk', 

I  u  ;  „  |  M  |  . ... .  f  t  ,i/  »  .  .  ;  .  •-•cr-nn  i  •  a*  : . «‘»wf,fL  tc[  ■  j  r  !\ 'i-ei.t  and  ef  i-if  I'.Mmi  control  st  rat  eg  i  ns  depends 

■«  t  |M.  I  |  1  •  .  »  ,  I  I  I*.*).  »  i  |  ‘  i>  *  I  i  O'"  pa  I  ai"e*  f*r  '• . 

■  ,c\  ,..r.  . .  *  ...  m  ♦'■!*  «,  c.-tsd-.  •.  i  ■,  t  \  cf  pi  plii  t  )iij  pr.i.  willin'  15  dB  at  HHt  and  2B  dll 

,t  ;uf  ,  *  i  M  II  1  r:.  .,(  ]  if  ■;  M  #■  '  <  -  ]  P  •  v  4  l  ■■  *  c,  .iig  te  I  ama.  H»is  can  tie  improved  bv 


.  *!  lb**  i  ■  r :  il .  !♦■!!«  n  f  -.1  at  ist  ical  s  igu  i  ficanre .  ihu*  tarns  a  paiadoxal 

■  ■  • !  ■  1 1 '  i  •  .1  i '  ~  pi  i  •!  uifj.it  inn  model.  A  tart  ical  rommur  i  icat  rii  using  such  a 

"p  I  *hat  ■  i  l  i »  v  nf  surrrss"  in  several  one-shot  predict  inns,  i  .»*.  the  user 

♦*»*  ♦  >>»*.  -  -t'nsHi  part  lcuiar  pns.it [  inn  and  instant  of  lime  In 

■  '  -  x  if  ■  j  .  ft  pm,  wP.-ic  overall  pe  r  f  ormanee  is  evaluated  nn  a  basis  uf  a  l;n»|n 


•*  . !  » -  f'fr-n  t  i!  ii  ;  iU  » •  :.pnt  measu  rernent  s  nu  several  independent  paths,  and  try  nit;  to 
■  w :  t  ‘■ifi  a  iadios  ul  a  tow  wav  e  l  enqt  hs ,  rat  hei  than  being  ronrrrned  with  site 
ii  «  as  r  a  t  pi  »•  ;h  »  ■;  ai{»  s. 


.  i  i  .  v  i  4  iat  .fill*  bur  been  nad»  in  a  modcrat  ►  •  1  y  rugged  ai  ea  at  the  ninth  roast  near  Ki  isl  tan- 

b  '  kv.-i,  um'.'i!  !-r.rjit  ■,  in  mountainous  terrain  in  \ort  h~\nrway  mv  being  planned. 

V  i  1  I'd  r  j.s  t  of  t  he  preliminary  measurements  was  to  obtain  experience  with  imju  i  pmcnt  and  pi  urc- 
;i'va:  ft  pir.  fur  a  laigei  and  mure  ambitious  data  collect  inn  campaign  at  a  intig  date. 

’  P's  !  s  -  utdi  asl  niij,  him  hi  le  subscriber  t  e  lephone  etc  transmitters  wise  piupused  as  nn.it  h-pi  tui  I  tic 

•t  ■:*  ii,ni;tti  iNtM-iiii'i-iiii'iit In  view  nf  the  small  number  ot  such  transmitters  in  ruial  punts  uf  \di  w.iv  , 

:  at  t  >  •  r  t  »■<)[,  1 1  ,■ 1 1  piohlem  of  obtaining  accurate  siting  and  I  RP-dat a,  and  the  limit  »•<!  ruvcian**  thus 
i  i  •  iat  > !  •  ■  in  t  tic  ml  ei  f*:d  i  ni  j  tardiral  band  from  3g  to  HD  MM/,  it  was  derided  to  emplov  ded  gated 
■■  .0  i  »  t  •  ■  I  s  . 

if.'dit  <[\  spinal  generator  and  power  amplifiers  w  err  osrd  in  <  dhjiiiu  !  urn  with  ■ui‘abl>'  hr  urn  that  .d 


\  mc.ra  1 1  ••‘t  en!  s 
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s  proved  difficult  due  to  linn  led  an: 
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el  ii’i  budget  includes  f  m  it  r  i  hut  i  nns  from  the  following  sources: 

\av  p  |  fit  i  nna  i  areurary.  H»e  ftp  is  estimated  to  approximately  10U  meters* 

1  u  :.t  rurnei  ,t  lalihratinn  errurs,  I  leld  strength  meter  specifications  guarantees  ±  2  dH. 

Receiver  antenna  gain  anil  height  errors.  Hie  antenna  gain  is  3  dRi,  and  the  combined  estimated 
■■I  sir;  due  tn  mismatch,  local  reflections,  proximity  to  the  mast  and  cable,  height  variat  ions  etc,  i 
1  v  dh. 


\aria*  pMr.  in  effective  radiated  power  from  the  emitter.  Including  the  same  factors  as  above,  this 
*  nut  [  i  hid  pm  should  tie  less  than  ±  1  ,  l>  dH. 

h  ►  *  i  ►•fill  *  *  reasonably  assume  that  combined  instrument  accuracy  is  [letter  than  the  observed  limit  inq 
dH-  ince;  tap-tv  in  field  strength  measurements  (3). 

1  a  v  p  i  a 1  pnal  ermrs  were  found  in  he  larger  than  one  resolution  cell  m  t  tit'  digitized  map,  and  may 
-■  i  r  -its ! . » r?  • .  if  neasui  ement  s  are  lateen  rinse  to  distinct  terrain  features. 


_C ‘  1  hd ?: ;  \| ,  Mf  -V.IIMM)  A\\n  MfdDli  lHi  DA  I  A 

U"  1 1  •  *\ -t-  p  **  pp’iliid  him  met  hurt  is  based  nn  a  calculated  index  of  terrain  roughness,  Ah(r),  being 

r.  ,kc  i  c.  t  1 1  j  ( ■  i  |  |  *  *  heights  above  and  h**  low  a  straight  line  fitted  to  the  contout  of  elevations 

'•  ■  ■.  tn<-  ftpdani-**,  i,  inc ceases ,  Ah' r  i  appi caches  an  asympt  (it  if'  value  uf  At  *  acenrding  tn 

3.1  > 

i  '  ■  t  ’  ■  ‘  v  Mdd  1 1  '-I ,  !  ■  <  l  pin  im  ide  )  ,u  c  patti  piiifili*'.  flerived  I  rum  a  rliqiti/ed  map  data  tiase  witti 

'  ;  :  .',/<•  .d  1  t.v  1  seeded1;  nf  -u  r  hi  Ms  \,  v»*  I  I  I  i. 

>  1  ■  ,  ■**  ’  ;  •  d  j  ■  ►  •  ;  ,  j  |  v  <*’ !  1 1  ■  f  p  ji  1 1  •*  3  t  .  ni  respund  mmj  tn  t  lie  pat  h  t  1  t  o  I  A  in  f  pp  ire  2  . 

'  '  *  ■  "P  p"‘  i-!s:.  ,*  3/x  t  '  ^1*/  and  3u(]  Mp/  we|  »*  -  u  !  j  cd  nu  I  f  f  i  p  1H  pat  tin. 

*  ■  '  "  '  ‘  »  f  i  • :  •  •  l  i  ‘-i  •  i  v  <  i  •  pi*i:«!  p  dH  ii'-  p  I  ul  I  »•< !  v»  - 1  .u*  •  inn'li’  is  i  j  i  \  cr  i  pi  figure  A 
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"U*  Mfs  -  f  i- » |  t  pattss,  f  •  i  r  h  |  t  i*pi  .••;**nl  at  I  vc  fu*  tael  n  ;i 
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SUMMARY 

Increasing  ut  ilization  of  soph ist  mat ed  propagation  models  using  digitized  terrain  and  vegetation  data 
liases  leads  to  the  question:  Is  the  accuracy  of  propagation  predictions  sufficient  for  meaningful  ca  :u- 
I  at  inn  of  transmission  parameters  on  individual  tactical  links7 

This  paper  compares  data  from  field  measurements  with  predictions  based  on  the  Lonqley-R ice  model  applied 
to  individual  path  profiles.  The  propagation  model  war*  regarded  as  a  black  box,  i.e.  no  detailed  analy¬ 
sis  or  improvement  of  the  model  itself  was  contemplated.  The  field  experiments  were  designed  to  reflect 
t  tie  rommun  i  ('at  i  ons  deployment  situation  experienced  hy  ground  forces. 

Pi  edict  inns  and  measurements  were  carried  out  at  frequencies  in  the  important  military  hands  5(1  -  HU  MH/ 
and  22‘>  -  400  MHz. 

P  i  >•  I  imi  narv  lesults  indicate  that  the  value  of  "accurate"  transmission  loss  calculations  is  doubtful, 
part  icularlv  in  rugged  terrain.  Strong  local  variations  introduce  significant  spread  in  the  observed 
field  st  length  at  a  given  Inrat  ion.  The  median  prediction  error  was  15  dR  at  390  MHz  and  20  dR  at 
54/1  MHz  m  a  moderatelv  rugged  area. 

Reflection:,  f  i  om  objects  in  t  fie  horizontal  plane  are  belived  to  lx*  an  important  contributing  factor  in 
i  •■dm  mg  predict  inn  reliability  at  VH1  and  IJHT  .  The  possibility  of  modelling  such  phenomena  is  discussed 
iii  a  context  uf  tactical  applications. 

1  INTRMUlf  1  If  IN 

P  i  «:pa  ii.i!  inn  modelling  if;  a  valuable  tool  in  communications  and  electronic  warfare  systems'  simulation  and 
i  »»-t  woi  k  planning. 

•  uni  be, inn1;  intended  as  engineering  guidelines  and  for  establishing  doctrines  will  m  most  circumstances 
f»*'*  has»*d  on  the  statistical  properties  of  the  parameters  involved. 

However,  me  teasing  availability  of  sophisticated  propagation  models  utilizing  digitized  terrain  and 
v  er  j,  ’t  at  i  no  dat  aliases  may  justify  the  Following  question: 

I-.  (tie  acrut  acy  uf  modern  propagation  prediction  methods  sufficient  for  meaningful  calculation  of 
t  t  anmii  i  ss  i  on  loss  on  an  individual  link  basis? 

It  an  affirmative  answer  can  be  given,  such  models  may  potentially  offer  detailed,  on-line  information  to 
f  i » •  1  f  I  i  iiftimanflei  s  facing  t  fie  task  of  establishing  communication  networks  or  deploying  electronic  warfare 
e  ’«et  \  1 1 1  d  i  f  f  i  ui  1 1  terrain. 

r.  ml  e|,, ft  mu  between  pinpagatinn  factors  and  equipment,  deployment  is  illustrated  m  figure  1. 

!’■  i  r  <!ei  ti;  )i>sw«>i  t  he  quest  inn  above,  and  as  a  next  ,  lower,  level  of  amh  1 1  ion  to  verify  t  hat  the  beha- 

,  r-ui  i.f  a  given  di  '  erm  in  i d  l  r  prupaqat  ion  model  corresponds  to  actual  (observed)  field  strength  distri- 

\  -d  . .  ,  •! »-.r ,> ; i  iMi>,|  be  r  arried  out  . 

"'i  paper  mMi  the  pruhlern  nf  collect  tng  and  comparing  data  from  field  measurements  with  predic- 

’  !  ■  j  i  %.*-»■  tv  -i  r  •  m  | .,  j  t  j  program  deiived  from  t  tie  long  ley  and  Rice  model  (1). 

•  m  *  i  • ,  [  !  .  t.  r  i  pait  of  a  larger  1  ran<;m  i  ss  i  on  simulation  package  developed  for  the  NDRI  by 

1  * ,  n  i‘  •  ••  i  :  '  i  ,f*  ■'  •.■mjwifiv  ,  .«  ( mint  ■;  fig  tec  ram  loss  iri  an  individual  path  profile  mode  and  in  an  area 


.'*■  t.r  i-.,  j'.,j  (Tii  a“*-»  *  \  ,  .jic-nnvl  i  nuh,!  I  ivity,  vegetal  ion  and  at  mnsphri  i  r  rnndit  ions  are  if  iror porat  ed  (2! 

i  in :  ii.t  .■:■■■»  I-.  ftw. p  I  i  f  at  inn:;  m  the  taetmal  VHf  and  llltf  bands  M)  -  HU  MH/  and  22'>  -  4(1  (1  MHz), 

*  ►'<!  '■  -*  i  1  >'t.'.‘U  V 

0  2  mj  y.nej  Mt  n  t 

Uni  aim  han  t  s*  * » -  •  •  •;  =  i  »  i ■••a*;)  ,\ ,  r-er  >t  pi  nredm  e  t  t»at  (titl'd  f  •  I  o.st'  I  v  fftliMts  tt>e  'at  ual  mu  expei  mured  m 
a  tart  it  al  ■  *r  \,  i  \  >  -,i  *  «i  d  ?Uat  !a?e[  'ay  he  t  ept  tmIik  ed  by  :  I  v  K  e  petsnnnel. 
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This  session  covered  experimental  results  and  comparisons  w  ith  predictions  over  all  the  hands  from  UK  to  microwave. 
A  comprehensive  system  to  measure  ionospheric  characteristics  w  hich  would  he  of  use  to  the  communications  engineer  was 
presented  In  I  c  Roux  et  al.  (K ranee):  measurements  applicable  to  Army  VI  IK  Ul  IK  tactical  communications  were  given  In 
Besserudhagen  (Norway );  Cellular  radio  applications  (900  Ml  I/)  were  covered  by  Havel  and  Maloberli  (France):  Larsen 
(IK)  [i resented  work  covering  troposcatter  links  (4.5  (ill/),  while  Kabbri  (Italy)  was  concerned  in  combatting  propagation 
d  i  slot  lion  on  7  and  I  I  (III/  140  Mbit  s  line-ol-sight  links. 

Besserudhagen  et  al.  presented  work  on  the  application  of  the  l.angley-Ricc  propagation  model  to  realistic  field  ratio 
tactical  communications  in  the  rugged  environment  of  Norway.  These  predicted  values  for  particular  paths  were  compared 
with  measured  values  as  would  be  experienced  by  the  actual  military  users.  Over  path  lengths  of  the  order  of  10  km.  the 
median  prediction  error  was  I  3  dB at  590  Mil/  and  20  dB  al  34.5  Ml Iz.  In  discussion  the  point  was  made  that  predictions 
ot  signal  levels  by  computer  modelling  should  be  readily  achievable,  but  detailed  modelling  of  the  physical  path  would  have 
to  he  made.  I  low  ever,  even  this  may  not  he  worthwhile  for  operational  purposes  in  this  sort  of  terrain. 

Kahhri  s  paper  addressed  the  problem  of  achieving  a  more  economic  solution  to  protecting  high  bit  rate  line-ol-sight 
communication  links  (7  and  I  I  (ill/)  over  long  paths  (40  to  200  km)  due  to  considerable  expense  of  using  space  diversity.  In 
order  to  combat  multipath  and  ground  reflections  at  these  frequencies  a  number  of  protection  techniques  were  examined 
vi/..  IK  equalisation,  baseband  equalisation,  frequency  diversity  with  hitless  baseband  switching  and  space  diversity  with  an 
II  combiner,  f  ield  trials  were  performed  over  several  paths  (46. 60  and  240  km)  and  results  have  shown  that  adaptive 
equalisation  will  make  substantial  improvements  to  link  performance:  however,  other  techniques  will  have  to  be  used  to 
ensure  lull  performance.  Frequency  diver  sity  with  hiilcss  baseband  switching  was  shown  to  be  very  effectiv  e  against 
multipath,  but  antennas  need  to  be  developed  to  reduce  the  multipath  effects  of  cross  polarisation. 

I’rol.  Bertel  presented  a  paper  on  a  new  system  to  measure  the  ionospheric  channel  characteristics  that  are  of 
importance  to  the  effective  transmission  of  digital  data  over  I  IK  skywavc  communications  links,  especially  in  the  design  of 
modems.  I  he  goal  ot  such  work  was  to  improve  the  quality  of  high  data  rales  (2.4  kb  s)  over  UK  paths  of  300  —  3000  km  in 
length  with  the  use  of  handvvidths  of  3  to  1 0  kl  I/.  The  information  would  also  be  used  in  simulation  where  not  only  the 
modularized  characteristics  of  the  ionosphere  would  be  employed,  but  also  antenna  characteristics,  jamming  and  non- 
stationary  events.  Initial  results  on  the  use  of  the  equipment  during  an  experiment  at  vertical  incidence  were  given. 

I  lav  el  and  Maloherti  s  paper  concerned  measurements  on  the  VI  IK  hand  pertinent  to  cellular  radio  in  the  urban 
environment  of  Paris.  A  series  of  measurements  showed  that  a  simple  law  in  the  form  A(dB)  =  Ida  log  I)  +  |l  gave  a  very 
gi  >od  description  ol  the  measurements  and  tied  up  well  with  the  model  of  I  lata-Okumura.  (  haracleristics  of  fading  statistics 
were  also given. 

I  he  final  paper  ot  the  session  concerned  the  measurement  and  prediction  of  multipath  dispersion  of  troposcatter  links, 
the  measurements  referring  to  several  4.5  ( II 1/  paths  in  the  United  Kingdom.  In  general  it  was  found  that  dispersion  and 
signal  level  were  wcaklv  correlated  but  that  dispersion  measured  on  two  space  diversity  antennas  were  well  correlated.  For 
angle  diversity,  measurements  on  the  elevated  beam  showed  huger  and  more  variable  dispersion  than  that  measured  on  the 
lower  beam.  A  comprehensive  comparison  of  these  and  other  measurements  was  made  with  the  prediction  methods  of  Bello 
and  I’usone.  Both  methods  tended  to  underestimate  the  dispersion,  but  allowance  for  beam  broadening  in  the  Pusonc 
method  improved  significantly  the  prediction  I  he  paper  gives  an  excellent  critique  of  the  current  status  of  this  topic. 

( tverall.  the  papers  gave  an  interesting  snapshot  ol  the  session  topic  across  the  frequence  bands  as  of  this  time. 
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l)r  Muhhard 

I  lliink  i  Ikii  this  .in  hi  >i  i-i  |  ii  i  pnii-  in  i  iiu  till  Ivi'.iiiNi'  we  h.i\ i-  seen  i  Ik-  smiii-  phi-in  imuiia  in  this  Ini  i  si  enoi  net  is  ill 
happenim:  user  different  pci  unis  ol  i  lie  lesi  u  hen  lie  lime  hail  limit  1  pat  li .  What  I  lime  been  ti  i  inu  In  iiu  and  it  is  not  an 
eiisi  task  Iveause  lie  iiu  nut  lime  a  ilireel  eorrelalion  pal  h  that  I  am  aiiare  ol.  is  in  eon  elate  this  hurst  aetii  it  \  iiitll  iilial 
I  impheil  is  i  he  rapid  "Hi  hi  HI  l  he  seleeliie  note  lies  that  can  oeeur  as  the  time  ilelm  chainies  slou  Is.  I  or  this  sse  base 
l r ied  to  look  al  l he  rate  ol  ehantte  that  ne  see  in  the  time  ilelas  ami  our  measurements  to  ilale  lime  been  rather  crude. 

\\  e  lime  not  done  it  m  am  statisiual  sense,  sse  lime  looked  at  the  time  sariation  in  the  ssiilth  ol  our  impulse  response 
data,  and  si  e  iind  slopes  01  tales  ol  chance  on  the  order  ol  1  to  2  nanoseeonds  per  seeond.  and  ii  sou  relate  these  to  the 
burst  ei  roi  data  one  can  conclude  ss  it  It  u  mime  in  elteek  that  perhaps  sse  liase  found  the  elusise  milliseeond  hide  in  I  .(  )S 
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Audience  member 

I  )r  Schneider,  in  Papci  I  I  you  ini  rod  need  a  model  ol  lo  reeled  regions.  Can  you  lell  ns  more  about  the  area  t  it 
application  ol  this  model,  hoi  example,  is  ii  applicable  lo  mobile  eommuniealion  in  llic  ‘Kill  Ml  1/  band,  which  will  be 
used  in  1  urope  lor  digital  communications  in  the  new  future.  As  presenllx  configured.  I  he  model  is  suitable  onh  lor 
transmitter  ami  receiver  immerseil  within  the  forest,  so  that  the  model  would  lune  to  be  extended  lot  a  well-sited  base 
station  that  is  not  within  the  forest. 


Dr  Schneider 

In  order  to  assure  ourselves  that  the  model  is  valid  we  need  additional  information  on  the  electromagnetic 
characteristics  ol  vegetation.  We  have  found  very  lew  measurements  on  the  permittivity  of  green  wood;  in  fact  the  onlv 
ones  we  feel  are  suitable  were  made  several  years  ago  by  l)r  Broadhurst  at  the  Institute  for  Telecommunication 
Sciences.  If  anyone  could  advise  us  of  other  measurements  of  the  permit!  iv  il\  of  green  wood  I  would  be  vers  grateful, 
furthermore  we  are  very  interested  in  calibrating  or  verifying  our  model  In  field  trials.  We  would  prefer  to  make  these 
measurements  over  rather  Hat  terrain  where  the  forest  is  dominated  by  tree  trunks  rather  than  by  deciduous  leaves  and 
blanches.  II  there  are  any  paitieular  locations  in  your  respective  countries  that  vou  feel  would  be  particularly  suitable 
lot  validating  this  paitieular  model  we  would  be  very  interested  lo  hear  about  them. 

Dr  Albrecht 

I  lie  sub|eet  is  v|uile  old:  it  has  been  worked  on  for  a  lew  decades  now.  particularly  in  the  NA  I  ()  Central  Region.  We 
Intel  that  the  variability  in  certain  parameters  is  perhaps  the  mote  problematic  question.  That  is  to  sav  seasonal  changes, 
the  lohage  pioblem.  snow  cover  on  the  trees,  icy  covers,  etc.  1  understand  also  that  your  model  did  not  take  into  account 
any  terrain  irregularities.  Now  in  the  Central  Region  there  is  not  too  much  flat  ground  with  forest  on  it.  In  the  northern 
part  perhaps,  but  in  the  southern  part  there  is  nothing  which  cannot  be  called  irregular.  Are  you  planning  to  make  tests 
using  digital  terrain  data  available  lor  instance  from  the  I  S  Defence  Mapping  Agency,  where  you  could  perhaps  find  a 
tumtbei  ol  tepiesentalive  paths  on  which  you  could  try  your  paitieular  model.  In  any  ease  I  do  agree  with  you  that  more 
measi  icmeitts  ate  required,  anil  it  is  very  difficult  on  account  ol  the  very  large  number  of  variable  factors. 

Dr  Schneider 

I  he  comments  about  the  el  feels  of  snow  and  moisture  on  leaves,  and  of  irregular  terrain,  are  certainly  valid,  and  these 
cllccls  must  be  included  in  the  ultimate  development  ol  the  model.  I  lovvever.  at  this  stage  we  feel  it  would  be  premature 
to  ti  v  to  develop  a  verv  detailed  model  that  takes  into  account  these  and  certain  other  parameters  for  w liiclt  ground 
truth  may  be  vciy  dillieull  to  acquire.  ( hit  preliminary  concern  is  to  constrain  the  testing  to  a  forest  that  is  rather  easily 
described  and  loi  vv  Inch  giotind  truth  can  easily  be  acquired. 

Dr  Belrose 

I  here  is  one  lurther  requirement  lot  l)t  Schneider's  ground  truth  measurements,  which  is  that  the  wind  is  not  blowing. 

\\  e  have  measured  VI II  and  fill  signal  strength  m  forests,  and  the  wind  puts  a  good  strong  lade  on  the  signal. 

Dr  Schneider 

I  lis  is  one  ol  the  reasons  we  wish  to  identity  trunk-dominated  forests  at  this  lime,  and  these  would  probably  be 
ci  Milieu  his.  We  want  to  simpllv  the  model  and  address  some  of  the  more  fundamental  issues  associated  with  the 
scattering.  A  on  are  quite  right,  we  would  like  to  take  measurements  when  the  effects  ol  the  wind  are  negligible. 

Dr  Nccssen.  Sesxii  ul  (  hairman 

Now  I  would  like  to  go  to  another  topic,  which  has  been  discussed  In  Dr  I  lubbaid.  and  it  would  be  interesting  to  me  to 
heat  more  about  it  It  is  common  practice  to  evaluate  the  seitsiliv  ilv  ol  particular  radio  equipments  lo  frequency 
selective  lading  by  system  signatures  I”  that  ease  we  assume  that  the  parameters  ol  the  transfer  function  ol  the 
multipath  channel  do  not  vary  with  time.  <  an  you.  I  )i  I  lubbaid.  comment  on  the  statement  that,  for  instance, 
mod  illation  schemes  vv  Inch  apply  coherent  detection  aie  sensitive  lo  the  dynamic  behav  iour  ol  the  multipath  channel, 
and  this  sensiliv  ilv  mav  not  be  evaluated  by  the  use  ol  the  system  signature  concept.  Is  there  anything  right  in  that 
statement  ' 

Dr  Hubbard 

We  have  been  conducting  some  pci  loi  m.  nice  tests  m  Si  iiilhei  n  (  ahlornia  on  the  dilletetil  digital  ladios.  and  ill  these 
meastii emenfs  we  aie  attempting  to  eoiielate  what  we  see  in  the  tune  domain,  in  the  impulse  response  data,  with  actual 
pel  lot  mame  pummel  ci  s  \  lew  nut  these  data  has  ion  v  meed  me  that  tlicic  is  a  vei  v  glowing  need  loi  the  dynamic 
eh.  nuclei  i  sal  mu  ol  the  impulse  i  espouse  vv  it  It  these  data  We  have  observed  errors  in  short  bursts,  distributed  on  the 
oidci  ol  ’ll  ert or s  pel  burst,  in  length  ol  lougltlv  Ivv  tee  that  value,  vv  Inch  suggests  a  50",.  ci  rot  i ate  in  a  very  short 
interval  ol  lime.  It  is  haul  to  sav  vv  hat  would  be  the  cl  led  ol  these  ei  i  or  Inn  sis  on  pci  loi  manee  it  we  were  using  the 


limit  oil  scan  reflector  antennas  have  to  meet. 


CONCLUSIONS 


Design  criteria  for  limited  scan  antennas  at  digital  microwave  line  of  sight  links 
have  been  derived.  The  antenna  pattern  specifications  result  in  minimum  pattern  evelopes 
of  a  limited  scan  antenna.  The  specifications  are  given  in  a  limited  anile  interval  of 
±  0.  :>  degrees  around  the  angle  of  arrival  during  standard  atmospheric  conditions.  The 
specifications  are  dependent  on  the  modulation  system  and  the  link  geometry,  l'or  140 
Mb/s,  lb  QAM  the  minimum  pattern  envelopes  are  very  steep  when  compared  to  J4  Mb/s, 
tt  1’SK.  This  means  that  the  140  Mb/s,  16  QAM  modulation  system  with  angle  diversity  is 
much  more  sensitive  to  multipath  fading  than  the  34  Mb/s,  8  PSK.  The  strong  negative 
refractive  index  gradients  with  large  positive  anqles  of  arrival  require  the  most  strin¬ 
gent  antenna  specifications.  Consequently,  the  CCIR  quality  requirements  for  a  digital 
radio  Link  with  angle  diversity  is  strongly  dependent  on  the  refractive  index  gradients. 
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Mg li re  3.  Angle  of  arrival  *  as  a  function  of  delay  time 

difference  for  linear  refractive  index  profiles. 

Antenna  heights  =  80  m 
Radio  link  distance  =  40  kni 

r  '  1  between  the  two  rays  are  calculated.  By  using  Kq.  (fa)  r  becomes: 

r  •  1  -  -  (7) 

s 

who  re : 

=  28.0  ns  for  140  'tb/s,  16  QAM 

88.2  ns  for  34  Mb/s,  8  PSK 

If  infinite  deep  fading  is  assumed  for  angles  of  arrival  .<d  and  near  the  maximum 
of  the  main  lobe  pattern  of  the  antenna  without  fading  reduction,  according  to  Eq.  (7) 
and  tiie  ,  -  relationship  the  amplitude  ratio  r  of  the  pattern  of  the  antenna  with 
filing  reduction  can  be  computed.  Figures  4  and  5  demonstrate  for  a  40  km  radio  link 
i.  ho  minimum  antenna  specifications  (pattern  envelope  of  the  limited  scan  antenna)  which 


figure  4.  Mini inui’i  specifications  of  limited 
scan  antennas  for  fading  reduction 
in  the  case  of  cl  Mb/s,  8  PSK 
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Figure  b.  Minimum  specifications  of  limited 
scan  antennas  for  fading  reduction 
in  the  case  of  140  Mb/s,  16  QAM 


The  ;/[  curve  for  8  PSK  is  approximated  by  a  linear  relationship  between  this  critical 
delay  time  difference  t  =  i  and  the  corresponding  amplitude  (1-r)  at  the  receiver.  To 
fulfill  the  CC1R  quality  requirements  for  8  PSK  and  16  QAM  this  relationship  becomes 
(Ref.  2 ) : 

!c/is  ~  0.25  (1-r)  (6) 

In  Table  II  r  values  are  given  for  34  Mb/s,  8  PSK  and  140  Mb/s,  16  QAM  and  for  fading 
depths  of  10,  15,  20,  30  and  40  dB.  The  fading  depths  are  defined  here  relative  to  the 
remaining  amplitude  of  the  direct  ray,  which  means  that  amplitude  reduction  of  the 
direct  ray  due  to  beam  steering  does  not  have  to  be  considered. 


FD  [dBj 

■c  [ns] 

34  Mb/s,  8  PSK 

'c  [ns] 

140  Mb/s,  16  QAM 

10 

6.98 

2.26 

1  5 

3.92 

1  .27 

20 

2.21 

0.71 

30 

0.70 

0.23 

40 

0.22 

0.07 

Table  II:  Computational  results  for  critical 

delay  time  differences  xc  as  a  function 
of  fading  depth.  The  modulation  systems 
are  34  Mb/s,  8  PSK  and  140  Mb/s,  16  QAM 
and  the  BER  =  10~3 

From  Table  II  it  is  concluded  that  for  delay  time  differences  <2  ns  34  Mb/s,  8  PSK 
digital  radio  links  need  only  angle  diversity  if  the  fading  depths  are  below  20  dB.  For 
140  Mb/s,  16  QAM  the  demands  on  fading  reduction  are  harder  to  meet. 

To  investigate  the  possible  fading  reduction  by  means  of  limited  scan  antennas, 
information  about  the  angles  of  arrival  is  needed.  This  information  in  combination  with 
the  path  delay  time  difference  is  given  in  Section  3. 

3.  PROPAGATION  CHARACTERISTICS 

To  come  to  a  generalized  design  procedure  of  limited  scan  reflector  antennas  to  be 
used  for  fading  reduction  it  is  assumed  that  the  propagation  phenomena  are  described  in 
a  two-way  propagation  model  as  far  as  angles  of  arrival  and  delay  time  differences  are 
concerned.  Each  ray  is  influenced  along  its  path  by  a  constant  refractive  index  gradient 
For  a  given  link  geometry  (antenna  heights,  distance  between  antennas)  a  unique  relation 
ship  is  found  in  this  way  between  the  angle  of  arrival  n  and  delay  time  difference  t . 

The  delay  time  computations  are  done  in  such  a  way  that  x  =  0  for  u  =  0.  The  results  of 
the  spherical  propagation  mouel  are  shown  in  Figure  3. 

A  specific  refractive  index  gradient  is  implicitly  needed  to  get  a  specific  point 
on  the  curve  o f  the  ,  -  t  relation.  This  means  that  a  general  procedure  is  applied  for 
the  most  f requent ly  occurring  ref ractive  index  gradients. 

4.  1. 1 M I T1  :i)  SCAN  ANTENNA  SPECIFICATIONS  FOR  FADING  REDUCTION 

The  i  -  i  relationship  is  used  to  derive  the  antenna  specifications  during  deep 
fades.  One  direct  ray  with  angle  of  arrival  and  delay  time  difference  is  compared 
with  one  selected  from  a  largo  number  of  indirect  rays  with  angle  of  arrival  oo  and 
delay  time  difference  t..  From  Figure  3  it  is  concluded  that  for  positive  angles  of 
arrival  readies  the  delay  time  of  a  given  modulation  system  for  smaller 


t  [  ns  ] 

Af  [MHz]  for 
FD  =  5  .IB 

Af  [MHz]  for 
FD  =  20  dB 

Af  [MHzJ  for 
FD  =  40  dB 

f  -  f  [MHz] 

C2  C1 

0.4 

56.3 

0.8 

28.  1 

1.2 

59.3 

18.8 

1.6 

44.5 

14.1 

2.0 

04.4 

35.6 

11.3 

500 

2.4 

70.3 

29.7 

9.4 

416.7 

2.8 

60.3 

25.4 

0.0 

357.  1 

3.2 

52.7 

22.2 

7.0 

312.5 

3.6 

46.9 

19.8 

6.3 

277.8 

4.0 

42.2 

17.8 

5.6 

250 

4.4 

30.4 

16.2 

5.  1 

227.3 

4.8 

35.2 

14.8 

4.7 

208.3 

r> .  2 

32.5 

13.7 

4.3 

192.3 

r>  .6 

i0.  1 

12.7 

4.0 

178.6 

6.0 

28.  1 

11.9 

3.8 

166.7 

Table  I:  Computational  results  for  Af  and  f  -f  as  a 

c2  ci 

function  of  delay  time  difference  t  in  a  two- 
way  propagation  model 

info  account  by  assuming  that  the  BER  becomes  excessively  large,  for  max(Aig)  lies  in 
the  vicinity  of  the  symbol  time  tg.  The  relationship  between  BER  and  max(Aig),  not  com¬ 
puted  here,  is  taken  from  simulation  measurements  of  two  ray  fading  described  in 
(Ref.  2).  Figure  2  shows  measured  x/x  data  as  a  function  of  fading  depth  for  different 
modulation  systems  and  with  BER  =  10~2.  Although  for  16  QAM  no  simulation  measurements 
have  been  performed  it  is  assumed  that  it  lias  the  same  sensitivity  to  multipath  fading 
as  8  PSK. 


’0  2D  iO  t.Q 

«.  r^d>'iq  doptf'  (dH J 

iil.il>  uf  /  r  and  f.i'lc  depth  needed  to  cause  failure  assuming  ?-ray  fade  with  its  minimum  at 
hi.*  hand  edge  of  ,i  rad i o  channel  (Ref.  ?) 


2.  TWO-RAY  FADING  WITHIN  A  RADIO  CHANNEL 


The  frequency  selective  effects  on  a  radio  channel  with  bandwidth  B  <  40  MHz  are 
described  by  two  incoming  rays  at  the  receiving  antenna.  The  received  field  strength  at 
radial  frequency  w  becomes: 

R  exp(j<(>)  =  1  +  r  exp(jwi)  (I) 


where  r  is  the  amplitude  ratio  between  the  indirect  ray  and  the  direct  ray  and  i  is  their 
delay  time  difference. 

The  group  delay  time  =  d4>/dw  delivers: 


=  2  i 


r+coswi 


l  +  2rcosuJi+r 


(2) 


In  Figure 


v 


is  given  for  fading  depths  of  5  dB  and  20  dB. 


Figure  1.  Group  delay  time  for  two-ray  fading  with  fading  depths  of  5  dB  and  20  dB 

From  this  figure  it  can  be  seen  that  for  deep  fades  (r  r»  1)  the  maximum  variation 
maxl'.i  /t)  can  be  approximated  by  taking  the  difference  between  the  minimum  t  /t  value 
and  t  /t  =  0-  This  maximum  variation  becomes: 

max(ATg/i)  R*  — —  =  0.8  for  fading  depth  =  5  dB 

=9  "  "  "  20  dB 

=  99  "  "  "  =  40  dB  (3) 


From  Ecj .  (2)  it  is  found  that: 

minimum  i  /t  for  cosuiji  =  - 1  =»  i.ijt  =  n(2n-l) 

n  =  integer  (4) 

ig/i  =0  for  costal  =  -  r  =»  ra  v^2  ( 1-r)  (5) 

In  Table  I  (f  -f  )  and  f  =  (w--w.)/2n  are  given  for  fading  depths  FD  =  5,  20  and  40  dB 
From  this  table  it  is  concluded  that  for  deep  fades  *  20  dB  and  delay  time  difference 
•  -  2  ns  frequency  and/or  space  diversity  combined  with  angle  diversity  is  very  effective 
because  max  (  \  t  / ; )  can  be  limited  to  a  single  radio  channel.  The  approach  outlined  here 
is  different,  for  it  makes  use  of  angle  diversity  to  reduce  the  fading  depth  below  20  dB. 
In  that  case  the  angle  diversity  technique  is  based  on  the  principle  of  reducing 
max(.', ;  /:)  within  a  radio  channel  with  frequency  selective  fading.  At  the  same  time  the 
beam  steering  results  in  flat  fading  for  the  other  radio  channels. 

The  modulation  system  in  the  radio  channel  with  frequency  selective  fading  is  taken 


-  ■'  hvl  nmu-  stocrimj  of  beam  elevation 

-  .■  K'.-l  t  on  ie  change  of  the  main  lobe  pattern 

met  hods  have  in  common  that  interference  signals  can  be  weakened  relative  to  the 
n  1 1  ed  .  Street  signal  to  reduce  the  effective  fade  depth.  However,  the  quality  and  the 
tv  iiiai  ility  of  digital  microwave  radio  links  are  not  determined  by  fading  depth  but  by 
it  -  ii.il.it  ions  in  Hit  Krror  Ratios  (BKR)  during  given  time  intervals.  According  to  CCIR 
di  ■  •ur.ient.  s  bit)  and  '>17  the  2  500  km  Hypothetical  Digital  Reference  Path  (IIDRP)  is  con¬ 
sidered  not  available  if  BKR  '  10  during  a  time  interval  of  10  seconds.  The  long-term 

•variability  has  to  be  larger  than  90.74  of  time.  During  tiiis  99.74  of  time  the  quality 
.  g  •  ■■  •  i  f  i  ca  t  ion  of  the  HDRP  is  given  by  BKR  *  10  ^  during  maximally  0.05'(.  of  time  in  an 
it:  ilia  r y  non  t  it . 

1'iie  duration  of  deep  frequency  selective  fading  is  mostly  shorter  than  10  seconds. 
f::is  means  that  multipath  fading  influences  the  quality  of  the  link  mainly  as  long  as 

•  ■  I'li'ina!  ion  of  frequency  selective  and  "flat"  fading  does  not  have  to  be  taken  into 

i  •■•  .:it  .  Cnder  this  assumption  the  effects  of  a  receiver  antenna  with  fading  reduction 

•  i;  ti  ility  can  be  investigated  by  determining  the  fraction  of  time  (FT)  that  BKR  *  10  * . 

-4 

:  its:  to  the  quality  specification  is  FT  •  5.10  for  the  IIDRP. 

I;  t:,e  HDRP  is  built,  up  in  50  digital  radio  links  at  equal  distances  of  50  km  and 
:  i  nclined  that  no  simultaneous  multipath  fading  occurs  at  more  than  one  link,  then: 

-5 

FT  10  ,  for  a  50  km  path. 

In  tiie  Met  her  I  amis  the  1(111/.  band  might  he  used  at  first  for  digital  radio  links 
i  *  i.  i  laf.se  capacity.  Two  modulation  techniques  are  being  considered  at  the  moment: 

-  M  Mb/s,  8  Phase  Shift  Keying  (8  PSK) 

-  1 4u  Mb/s,  lb  Quadrature  Amplitude  Modulation  (In  QAM) 

...  ::  i  iu.il  1  y  introducing  digital  radio  links  tiie  arrangements  within  existing  radio 

■  n.i.cls  :.ave  to  be  maintained  and  the  antenna  concepts  have  to  be  based  on  existing 

:  ■  i  i . .  antennas  on  tiie  radio  towers.  Therefore,  tiie  discussion  in  this  paper  is 

i  digital  radio  link  characterized  by: 

-  .••enter  !  requency  4  GHz  (3.8  -4.2  GHz) 

1  a'  ion  34  Mb/s,  8  PSK 

140  Mb/s,  16  QAM 

-  ;  i '  h  I  •  !;  jt  ii  4  0  km 

-  i:.t  oici.i  hoigiil  s  80  m 

-  ret  lector  1 m  parabolic  dish  with  K/D  =  0.25 

■  :■ •script  ion  of  the  radio  path  by  a  two-ray  fading  model  is  given  in  Section  2.  In 
i  lilt  i  n,  BKR  measurements,  given  in  (Ref.  2)  and  based  on  this  model,  are  used  to 

:••:  ••mine  a  simplified  relationship  between  tiie  model  and  the  modulation  characteristics . 

cl ) oil  2  concludes  with  specifications  for  a  given  modulation  system  with  respect  to 
'  ■•  maximum  allowable  fading  depth  in  relation  to  the  path  delay  Lime  difference  between 
lays. 

in'  a  delays  and  angles  of  arrival  are  fully  determined  by  the  radio  path  Itself. 

!  riina  depth  is  dependent  on  the  amplitudes  of  tiie  incoming  rays  anil  on  the  main 
1-  ;  i "  !••!':.  ad  the  receiver  antenna. 

in  ...■'*•  im:  i  tin'  propagation  characteristics  of  tiie  two  radio  paths  arc  derived  by 
i  •!..!*  •  ■  n.-h  ray  is  influenced  by  an  artificial  constant  refractive  index  gradient 

i  i  i  .  :  in  •  i  diii  above  a  spherical  earth.  To  avoid  vaunt  ic  problems  in  amplitude 

;  i*  i  nn,  •  in-  path  del  r/  t  imes  and  angles  of  arrival  are  used  as  input  tor  the 

•  .  a  a  •  •••  i  t  :  •  i<  ions  ml  antennas  for  fading  reduction.  The  specif  icat  ions,  derived  in 

■  '  :  1 ,  a  ;  .  •  i  :;f  in  i  l  e  deep  fading  if  no  diversity  techniques  are  used.  In  tiiis  case 

i  n  :  i  I  i  .••■■■!  lea  m  ptoeedute  can  he  proposed  because  of  the  unique  re  1  at  ionsh  ips 
:■'/.••:  •  ■  e-.tr  i"  al  lowal.l  •  fading  depth,  path  delay  I  ime  .iifferenee  and  angles  of 
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discission 


.l.S.Belrose,  (.  a 

(  I )  You  mentioned  the  transmitter  antenna,  and  its  gain  (-  dBi).  hut  you  did  not  tell  us  what  receiver  antenna  was 
used.  Was  it  a  military  man-pack  ty  pe? 


Author's  Reply 

A  hall-wave  vertical  dipole  antenna  was  employed  at  the  receiver.  A  mast  was  used  to  elevate  the  Iced -point  to  approx 
a  metres. 


J.S.Belrose,  ('a 

(?)  ( )kay .  I  he  point  I  wished  to  make  is  that  lor  the  tactical  communicator. an  apparent  difference  between  predicted 
and  measured  signal  strengths  between  V 1 1 1  and  l  i  HI-  (of  1 0  dB  or  more)  can  easily  he  explained  as  due  to 
antenna  performance.  The  tactical  military  communicator  usually  uses  a  quarter  wave  or  shortened  quarter  wave 
antenna.  This  antenna  has  to  be  operated  against  a  ground  plane.  The  chassis  of  a  man-pack  radio  makes  a  very 
inadequate  "ground  plane"  that  is  less  effective  at  low  Vllh  frequencies  than  at  l1 1  lb.  A  man-pack  radio  should 
ideally  employ  an  end  led  hall  wave,  which  docs  not  need  aground  plane. 


[..Buithias.  I  r 

(  online  votre  expose  semble  concenter  des  liaisons  militaires.  quels  sont  les  conditions  qui  rcsultcnt  de  cc  fail,  en 

particulier  — 

( 1  )  l)e  quel  temps  dispose  ton  pour  faire  les  pre-visions  (quelques  minutes  on  plusieurs  heures)? 

( ? )  IVut-on  cm  isager  de  faire  le  calcttl  pour  plusieurs  points  de  recepteurs.  al'in  de  choisir  Ic  nteilleur? 

Author’s  Reply 

( I )  I  he  available  time  for  on-line  tactical  radio  network  performance  predictions  will  be  different  at  different  levels  of 
command,  e.g.  at  battalion  level,  one  will  in  most  cases  have  a  few  hours  available  for  planning. 

(?)  I  o  predict  propagation  for  alternative  positions  would  be  consistent  with  normal  military  practice,  and  may  of 
course  be  done.  The  communicator  must  then  chose  the  site  that  represents  the  best  compromise  between  tactical 
and  electromagnetic  factors. 


b.I.int/  Christensen.  I  )c 

Your  explanation  of  the  extraordinary  high  level  at  M  km  distance  in  the  VHP  measurement,  bringing  the  measured  level 
to  correspond  to  the  predicted,  was  that  a  line  of  sight  situation  occurred.  I  lowever,  at  U1  lb  the  measured  level  at  the 
same  site  is  1  S  dB  above  the  predicted.  Is  the  reason  local  phenomena,  or  possibly  the  lack  of  inclusion  of  I  .OS  in  the 
model? 

Author's  Reply 

I  he  measured  \  allies  at  l  I  lb  were  consistently  above  the  predictions,  whereas  the  reverse  was  true  at  Y'l  lb. 
Speculations  i  m  reasons  lot  particular  v  allies  at  certain  sites  are  not  very  meaningful,  and  no  clear  answer  can  be  given. 


A. Schneider.  I  S 

I  low  would  von  chat actcnse  the  vegetation  on  your  path,  and  what  is  your  vegetative  data  base  .’ 

Author's  Reply 

I  he  vegetation  in  the  terrain  involved  is  light  pine  woods,  and  it  was  relatively  cl rv  during  the  experiments,  bite 
vegetation  data  base  was  approximated  by  the  use  ol  standard  values,  without  using  digitised  map  data. 


I  .11. Palmer,  C  a 

Based  on  the  cxpeitencc  I  have  had  in  the  development  ot  VI II  Cl  II  propagation  models.  I  would  suggest  that  point- 
to-point  |'i  edict  ton  models  ate  capable  ol  higher  accuracy  than  you  seem  to  suggest.  In  order  to  obtain  higher 
aecut  aeies  however  one  needs  to  lake  into  account  multiple  dil  Ir acting  obstacles,  and  radii  of  curvature  of  their  crests, 
the  elleels  ol  I  icsnel  /one  obstruction  In  obstacles  below  linc-ol-sight.  and  so  on.  This  requires  considerable 
computing  povvei .  but  with  the  i.iptd  increases  m  computing  speed  and  decreases  in  physical  si/e  that  we  are  witnessing 
m  poi table  computers  ,u  the  picscnl  time.  I  think  that  we  should  not  be  deterred  from  applying  these  techniques  to  the 
tactical  seeii.ui"  because  ol  picscnl  computet  haiduaic  limitations 
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SUMMARY 


•f.a'  With  rr dpro  t  rr.  !in‘  ■ana  I  ■  **-■  r.yrt  III'-  high  rap  '.»<••  i  t  y  dig  i  tfil 

!•••  k.-'P*-  it  i  v-  •  t  ■  propagai  ion  ■  i  i : ;  f  ■  !■»  I .  •  ji  ••m::<<d  f » y  I  <••' t  i '/•••  fading 

i  ■■!■!''■  near  ;■  would  >r  v-vy  Par  *'  ra  -:i!  th>'  I'ClR  i  v<-;;  without 

■  ..  ;  I-  t  i  VI'  ao  t  i  ■  nr.  . 

■  .  !  ir:  i  i a  >■, ,  Km  path  a-  7  an.j  11  uli/  .<r,  a  1  ■<'  Mbit./.-;  t  t.vAM 

p:  :  1  v  lira  in  ordrr  . . /aluafr  i  r  i  •  ■  pegf.  d'riianr.-  and  behaviour 

•!•••/  i  •••  ■  i  aifbarKt  and  IE  v  ■  y  ;a  1  rr. .  rp.a".  .livTii  i  t  y  w  i  *  li  IF  and  RE 

V  i  ;  t  y  with  hi  1  Io;f  switching  arid  .  . . .  .a  1  an'erman  pu  rpor.e  1  y 

’  L-  nut  ■  if-  i’Ii  li.i'i.rt  i«.n.  The  nt>,U*r  t  "f  thr-'..'  recent  rcuc.aroho;:,  rd.il  1 
pi  ' '  ' f  ;p  '■•■'!  i  u  ;:y:-t  ••BU5  and  pr*'v  i i  on  methods  no  an  a  minimi/..-  .space 
'>•  i  n  v:  i  *  1.  i  h'  ■  ■  ■  r  i  i  l-ra;  J  **  ux|WH!!»!'.  of  infra:.',  t.  rue  tunes  and  app.'tr.at  us, 
>t-  i  •  h>-  pt—.t-n*.  '  >:  :•  >tt  i  ■  ai  ui  I  f. -re  nee  tad  ween  digital  and  analog 


INTRODUCTION 


•  *■<•11"-'.  iP'dr and  experiments  on  digital  propagation 
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I.  ATMOSPHERIC  MULTIPATH 


:  i  .  ■  i  ■ :  ■ '  i  •  ' .  ,  .  ■  .  >  ■  i  :  i  ■ 

•  .  '  V  ;  .a  •!,■  .1  ■  i .  • 

i  i  .  i  ■■  :i  fit  h  *  ’  r  1  hs.'l  Is 


ii.  it  . i ■  it.]  I  r 


a  •!.'  i'it'.'t  •  w  1 1  *  ;  v  if,’  1  i  g  i  !■  I  “  .  it:’-  d  i  v- :y  i .  :  ."  •  ’.a- 

’  V  i  .  It.  I '  '  '  t.  a  1 '  :  :  !  a  f.-w  'it'  into  t  y  p  i  a  i  h-  |  :  nav  i  I  I 

fill-  ■■■:’  tii'-  fir.  1  ri-'.  iti  extreme  rases  v-ry  1  a-  t  '  : 

a>  •  "t:  ;  i  *  i  ■  ’ ,  t  .  'I,.-  :iv-n'"!i  \y  in  prac  t.  i  oa  1  1  y  r"'iu""  !  '■  /.-r  i  n 

a-  i ;  -  i  i  i  i  :  *  v  in  tiv  : .  ;'h  i  a' t  ii'it  inn  is  most  dang'-rous ,  t  •  •  a  ..  ■■  it  if 

r : .  •  i  i  ’•  "-ti-  1"  I  if  Hi  !  .•  i -r  1 1  1  y  bi.va'ii'.e  of  tit"  i:i  t»Ji  ! :  '  r  t  i  •  •: . 

’ll"  at  a  i  ,•>  III. I  ii,;it  <1  signals.  Ml'trn  tin'  Hi”'  f  •  t"  . i  -■  a  ’  ■  '  i  i  V  •  r  • . '  i  *  V  i.' 

’h"."  a.".'.  •  ii"  [  !••  til".  i  wlii'-ti  art-'  '.'liarai' t  •' r  i /.»■!  ty  a  t  j  i  • ) .  .  i  w 

t"i  ray;'  ran. 'in,'  If  ha  I  f  i«  t  •  a  few  degr«‘er.,  T''l"’  '  ra  it:;;  i  •  .-rr.  ■  r , '  .  ■  a 

i-a  d-vi  a-,  '  t;-  ■  *  ■ !  ;  at;"  i  t'"l'l.'.'t  im;  system  /.!/. 

’  *  i  a  '  i  t  t  w- 1  -aiit  "iiii'i.;  ;  ;  ie>"i  vertically  irtd  pi  i  a-.l  on  a  |i  a;,e 

'  h"  pr  p  i.'  it  1 .  ri  ax  i;t  '  e  r  iy.  it.  The  s  i  gnu  1  r  r"ia-'ivej  l.y  the  tr 

it."  1  i'V  i  hybrid  al't.r  t  rav.-l  I  jiiy  along  two  foe  dors  of  equal  length, 
an  !  i"tW""ti  t  I,"  tr.i'MJ"  uf  the  two  art  t  ermas  is  calculated  in  such  a  way 
••I  ray  -nt.-ring  i  it  •  the  upper  ant  enn.-t  if  1"  1  ayed  hy  half  wavelength  with 
"Mering  ir.t  '  h<-  |f”W"r  antenna.  ,  whereas  the  two  main  signals  are 
•in  r-  t  1 "  ■  *  t  •  |  signalr  ar-  in  phare  ••pp- mi  t  inti  arid  annul  each  other,  .he 
■ti  t  '  tie  trray  ■  •  an  he  made  as  directive  as  we  want  (tig.  4).  In 

al  i  'ri*  I  ry  p  re.sr.u  t  ,  it;  praet  j  j  •  is  possible  to  obtain,  for  bCrX  of 

'ay  att"t ft. if  ns  .  f  appr.,x  ii-  per  terminal. 


i i  !  i :  ;  r  "a -h  value  -if  the  ""Ii"  de  1  ay  there  is  a  "minimum 

'  h'  •  •!.  "  ;.  t  li.'iv  it.  •  rd'-r  t  • .  assure  the  transmission  is  free  of 

;■  i  •  'at"/"  P "  *  w " " ; .  if"  "'hr.  r"  I  at  i  vo  de  1  ay  ami  the  minimum 

’  ••  •  ■  at  V"  ■  is  I"  "i.-.ily  ■!  ’ait,'  l  in  t  h"  laboratory  by  measuring  on  tli- 

i  i"  i  i  '.'  :  . :  rnat  urer .  litT'-reii'  values  of  echo  delay  and  for  a  fixed 

f  i  ‘  u'"  a  ;  r  ■  't  i!  ’.  y  :  •••  •  I  •  rr  iv  .  l-cr  very  large  delays  this  curve 

i  .  :  v  •  i  sc  •  is'  vaii."  f  a  1. 1  "unat  i  on  coinciding  with  the  attenuation 

'  .  ft  •  i  ’  ■  s'-  r:t.iT  'harinei  at  id  "  rise  puently  also  to  a  very  much 

"  ;  '  ;  ■  rr  is.  it. is  tti-afuivtit-n'  too  is  performed  in  the  labo- 

;  "•  ...  i'  ■  •  i"  |  I  •  .  •  . :  i ,  .  ■  i  gna  *  ur-  ■  for  different  values  of  relative 
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Ill.  1.1  Modes  dr  f  one  l  i  ounrmrn  t 

1  ’rtudr  drs  bruits  rt  lirou  i  I  1  rurs  rn  ultcrnunrc  aver  rrllr  du  milieu  s'oprrr  ru  ruupunt  I'emis- 
1 .  i  uii  toil  t  rn  mu  i  n  t  rn.tu  t  lu  reception.  I  ri  mode  dr  I  one t i onnrmr n t  reception  pcndont  I’emission,  mi  uttrnuu- 

tnir  est  commute  automat iquemcnt  dr  V.u^nn  a  protcqrr  le  rreepteur  rn  limitnnt  lr  nivenu  du  siqnnl  u 

‘.on  rri  tree,  (uurr  u  eette  function.  uii  rtulnim.iqr  de  1  u  rhuinr  complete  d'emission  reception  prut  etrc 
rl  in  fur  i  tout  lotnrn  t .  Unr  discrimination  rntn  les  de  formn  t  i  rf  is  du  siqnnl,  dues  ,m  svstrme  lui-meme 
u  i  I' ionosphere  rst  done  possible. 

Ml..1  Ir  fruitement  de  i  ’  i  nformu  t  i  on 

lr  mode  de  f one t i onnemen t  rhoisi  pour  les  r\pei‘  imrn  t  .i  t  i  ons  sous  i  nc  i  deuce  verti('nle  est  ropre- 
v'tdi  st  1 1*  *m.  1 1  i  ijurmen  t  pur  1 «»  figure  M  sr  compose  de  (’emission  -  reception  -  urqu  i  si  t  ion  de  sequences 

dr  ,  4 .  h  mi  s  impulsions  rndees  r  n  phase.  les  siqnuux  proven,  mt  de  lu  reception  de  ehuque  sequence 

soot  stn.  kt  f  ernporu  i  remen  t  duns  one  memo  ire  tumpon.  \  1  '  i  ssue  dr  In  reception  d'une  sequence,  le  eontenu 
dr  Id  memo  ire  est  trunsfere  sur  un  enrcq  i  s  t  rent*  de  bundes  muqne  t  \  ques .  Une  fois  lr  trunsfrrt  ncheve, 
i'enissiDi,  d'unr  druxirme  se(|uenee  prut  debuter.  ( huqur  doublet  d'impulsions  entrunt  duns  lu  composition 
(I'unr  sequenre  rst  forme  de  deux  codes  romp  1  rmrn  t  u  i  res  i  I  Scrip  et  ul.  V}7  ?  \ . 

les  liurdles  m.iqnetiques  eon  t  i  rnnrn  t  done  ties  siqnuux  bruts,  refr.u  tes  pur  I  '  i  onosphere .  De 

t.npin  u  ef.  rx  I  ru  i  re  les  i  ii  f  nrmu  t  i  ore.  of  i  les  sur  le  eunul,  un  truitement  est  uc  tue  I  1  emen  t  effectue  on 

temps  diftc  re.  sm  *  u  d  i  r  ■ ,  1 1  rur  .  line  premiere  rtupr  est  const  i  tuee  de  lu  demodu  I  u  t  i  on  et  du  filtruqr 

triii,  t  e  des  siqnuux.  ut'in  d’optjmiser  le  rupport  sicjnul  u  bruit,  lu  druxirme  etupo  eonoerne  1  ’  ex  t  rue  t  i  on 
des  purumi  » r  f ,  utiles  du  eunul  :  temps  de  propagation.  u t tenuu t i ons ,  phases  i ns \ un t nnees ,  deeuluqes 
l>opp  1 »  r  ft  n  i  v  i  .i»  ix  de  bp«  i  f . 

I  1  1  .  .  1  D(  mudu  1  u  f  i  on  et  filtruqr  udupte 

lr  ‘  ■  i  i  p  1. 1 1  t  lu  t  requrrn  e  i  n  termed  i  u  i  re  fj  est  tout  d’ubord  rumenr  en  bunde  dr  buse  sur  deux 

v  •')*■■•  n  quadrature  de  fui,un  u  eonservrr  lu  possibilitc  d'  identifier  |)ur  lu  suite  le  sens  posit  if  on 

'  ' M  t  i  »  dr  '•  dr i  u  I  .njes  |)opp  |  rr  . 

I  «■  filtf.Kjr  .idupfe  s'effrrfur  pur  i  n  t  r  reor  re  1  u  t  i  on  du  siqnnl  re^n  aver  une  reference  corres- 
;  i  •  >r  1 1 ! ,  t  r  1 1  *M  sitjo.il  emis.  romptrtenu  des  de  f  nrmu  t  i  on  s  propres  u  lu  rbuinr  d'emission  -  reception.  Un 
.  f .( | .  1 1 1 1  ■  i ,  j  <  de  «f  lie  r  i  doit  done  prru l ub I emen t  avoir  lien  pour  drfinir  lu  reference  d  '  i  n tcrcorre 1 u \ i on , 

■  jr  u  •  uu  '■'ode  dr  fon<  tionrirmrut  prevu  u  ret  ef  f  e  t  .  Hue  summation  eoberente  sur  eb.Kjue  voie  en  quadrature 

met  ♦  r.  upp  1  i  <  .  i  *  i  o- >  lu  <  omp  l  rnw  r  1 1  u  r  i  te  des  roduqcs,  de  fu^un  u  disposer  d’uri  bon  dinqrummc  d’nmhiquile 

fi  temps.  II  f  uu  f  toutefois  outer  qu  ‘  one  bvpothese  de  s  fu  t  i  unr  i.ir  i  t  e  doit  e  t  re  fuite  sur  lr  canal  pour 

■  ♦■if  l,i  pi  opr  i  r  1 1  de  ( omp  1  emen  fur  i  te  des  codes  emis  sr  conserve  .i  lu  reception.  In  durrr  entre  In  rerep 

I  joe  drs  deux  codes  rf.tnf  uu  mux  i  mum  d'enviion  111  m*. .  rr  t  te  fi\pothese  est  tout  a  tuit  lieite  uux  mo\entH‘S 

l.itj  tildes  rt  •.*>'(*.  ineideii'r  vti’tieule. 

ill.,1..1  1  >  t  r  n<  t  i  on  drs  p,u  umr  t  res  pr  i  nr  j  puux  dr-  In  f  mu  t  i  on  dr  t  runsf  r  r  t  du  <  non  i 

I  ex  t  r .  i ,  f  i  on  drs  pumme-tirs  du  eunul  s'rlfrrtne  pur  n  1  I  e  1  emei  1 1  sur  deux  nivrnux.  le  premier 

risrnu  prrw-t  if  .u  (  uli-r  no\  temps  dr'  propuputiou  rt  um*  .i  t  t  rn*  tu  t  i  ons  des  diffeir-uts  modes  <‘t  trnjets, 
uinsi  (ju'nu  nivenu  drs  bruits  present',  duns  In  bund*  d'nnnlvsr.  lr  druxirmr  nivenu  corn  * -rue  lu  m<  sure 
de  In  phase  i  ns  tun  tu**ee  de  rli.inm  des  modes  et  fru.jr  ts,  dr-  meme  tjue  I'estimntion  des  de<uln(jes  Doppler 
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1  ■  :  •  ■  1  -  •'[.  .  \  i  -  ■.  j  .  |  »s  evolutions  dii  milieu  .  n  j  x  transitions  jour  -  unit  el  nu  i  t 

1  *•  "ir-'  de  p»-r  f  or  n  »  M  ons  de  nimrniie  eehejle  (ondes  de  pruvite)  et  de  prunde 

■  >•’  >  i  : : ji  H  s  1  .o» 1 1  a  f  t  u«!  i  -  r  ( < .i ui  t e  I  a rd  1 D7V  I . 

•  *'  .  >o  t  r  t  fMvis.uje  it’analssei  I  in.  idenie  de  la  (jeometrie  des  liaisons  sur  les  rommuni- 
[f-  filet',  de  polarisation  jui  peuverit  pius  ou  mo  ins  e  t  re  mis  cm  evidenre  sui'ant 
■  t.t  s  utilise  |  f  omp  ton  I  ',,s>  1  |  . 

HI  1)1  rtl  sum  Dll  (  AN  M  HI 

I  ’  im.i  ]  \  seur  de  I'''  sfin 

I  M-rsinn  "utilisation  /enjlbalf"  put  est  presentee  iei.  I’analvseur  de  liaison  se  pre-sente 
.*•  -,v-.  term-  d'emissifin  t  et  »  p  »  j  on  *»  i  i  ropr SHjr  arnni.it)  1  e ,  couple  a  un  module  d'aetj’  isitioii 

I;t-.  r  i  a  f  < .  »  e  • .  1 1.  if  1  '  i  oi" 'S|d  *  r  •  •  1  •  1 1 «  la  parti*  traitement  de  I  '  i  n  form.l  t  i  on  est  ac  t  ue  1  I  emei  1 1 

;  t  * .  r  *  .  •  a  ■  >r  a  i  "a  tci.r  .  •  i  r» -t  1  i  sa  t  i  on  en  temps  reel  s  1  i  n  te(|r»ra  a  !.i  version  "utili- 

n  ,f  .  i  .  •  j .  j.  -r  f  1  or  «  '  -  n  t  e  in  sv  n.  ip  t  j  *|ue  flu  s\  s  I  erne  ft  I  e  t  ab  I  eau  1  I'eiMp  i  1 1 1 1  e 

if  ,  •  ■  ■  1  -  j  .  a*  r  f  .  » -p  f  i  i  ir  i  ft  de  I  one  t  i  nnnemen  t  . 


»  .  i  .  ■  ' .  -  ji  -  «■  j  v  «*  i  r  sep.  i  r  .i  t  (  u  r  en  1 1  -mps  recti*  r  <be  on  les  mcsnri",. 

^  .i  ■  ■■  i  ;  -  .  t  .  t  r  -  mu  •«}  if  i '  en  j«*uun  t  no  I  ommcii  t  stir  If**,  f  od.nies  de  ptiasi 
.  * .  •  -  "•  i  .  .  ,i.-_  t  .if:  t  #  .  I  ‘  cue  r  1 1  i  e  df.  s  i  i  (i  >.  ii  i  \  f  m  i  *.  pent  e  !  r  <  at  i  r  t  k 

.  i  .i  ,  »  t  •  r  :  •  i  It  i  *  -  r  jit  inn.  II  so  <  l  i  l  pour  i  (l.i  *  I  '  a*  ipmen  t  e  t  (a  dui’ee 

■  -  v  i  *  ■  *  f  - .- 1  •  -  t  •  ■  i  .  Dt  Nutt  r  (jm  I  i  fit  i  r  f  •*  dr  I  '  i  mpii  I  s  i  oti  d  ‘  cm  i  ss  i  on  eond  i 

.ej. 1  .  -  |  .i"  1 1  .  s»  Of  1  '  i  nuospbr  r  <  poi it  r  a  * ■  I  r*  *  I  t  n  t u*-e  .  Des  ba  I  ,\\  apes 


i.N-.' 


dui  me  ;  1  'analyse  spec  t  ra  1  e  pcrmettant  d'.inrdcr  aux  liciM  1  aqes  Doppler  se  fait  en  effet  le  plus  souvcnt 

o  i  oba  l  emen  f  .  II  en  resulle  iiii  spectre  composite,  represent  a  t.i  f  tie  l 'ensemble  ties  multi -modes  tut  multi- 
t  r.i  je  t  |  M.i  Jin  1 9*'/’  j . 

!)', nitre  p.irt.  hien  (jue  represen  tan  t  une  etape  importable  pour  I  <i  simul.tt  ion  (Je  la  propagation 
dt  .  ante  t  r  i  (|ue  .  les  modeles  s  ta  t  i  s  t  i  ques  resultant  de  I 'analyse  tie  res  mesures  sont.  volonta  i  remen  t  trop 
■Jmplifies  [tour  ties  raisons  d  1  imp  I  an  ta  l  i  on  on  temps  reel  1 1  hr  man  et  al.  I9S/,|.  II;;  ne  represen  ten  t 

ii"'.  i  (|ne  le  canal  HI  .  que  dans  des  conf  i(jura  t  ions  de  compor  temen  t  moyert  e  t  s  ta  t  i  onna  i  re  (Patterson 

<  ?  .1 1  .  ivdvj. 

Compte  tenu  de  res  prohl ernes,  nous  nous  proposons  ici  de  contributor  a  ameliorer  la  conna i  ss.uirc 
dt  ia  f  one  t  ion  de  transfer  t.  du  can.il  Hi  . 

II.*'  -  les  carar  ter  i  s  t  iques  pr  Ineipa  ies  du  canal  Hi 

le  canal  HI  pent,  en  bonne  approx ima t i on ,  etre  considere  comme  lineaire.  II  se  prele  done 
•  t  one  -  .irac  ter  i  sa  t  ion  en  terme  de  fonction  de  transfer  t.  le  siqnal  re^u  a  I'extremite  d1 une  liaison 
»■-'  ainsi  une  fonction  de  plusieurs  variables  associees  an  sicjnal  emis  et  modifiers  par  le  canal  de 

M  i  •  ■ 1 '  —  i  s',  . .  Harm  i  les  pr  i  nc  i  pa  I  es .  citons  1 'amplitude.  It1  temps,  la  frequence  et  la  polarisation. 

a  litre*  parame t res ,  sources  de  distorsions  du  siijnal,  peuvent  eqalement  etre  pris  en  compte,  comme 
i  i  di  .pei  i,.i.  it.  frequence  suivant  la  larqeur  de  bandc  utilisee,  de  meme  que  les  carae ter i s t iques  d’an- 
*  f  |  i  .  iei  iitii  >  t  r  i  e  de  la  liaison  |Moor.it  et  al.  196 44 1  [Whitehead  et  al.  1983]. 

•  d*  liaisons  a  on  bond  au\  moyennes  latitudes,  la  propagation  se  fait  qeneralement 

.  u  ■  ■  ■• ,  I  .  I  H  I  _  .  Dans  ce  eas,  I'ordrt*  de  qrandeiir  des  parameters  de  la  fonction  de  transfert 

»  ■.  *  •  *.  .  i  v  c  f  l  '  IN  r.*7s 


f  i.ilrmi  'f  tlij  temps  de  propaqa  t  ion  :  3  ms  4  ^  6  ms 

.  temps  de  propaqa t i on  du  premier  mode  >  6 80  ps  incidence  vert  male 
.  De.  alaqe  Doppler  moved  ;  -8  H/  6  f^  ^  8  Hz 

.  I  I arq i ssemen t  du  spectre  Doppler  d'un  mode  ou  trajet  :  il  depend  Je  la  duree  d ' in teqra t ion 
(I  la  me*. ure.  Hour  des  durees  dc  I'ordre  de  8  mn,  on  pout  retenir  :  O  H/ . 

.  \t  tenuat  ion  :  environ  40dfl  d'ecart  entre  le  plus  fort  et  le  plus  faible  niveau  des  principaux 

t ra  }e  t s  . 


Ions  res  parametres  se  eomhinent  et  induisent  des  phenomenes  d '  ev  anon  i  ssemen  t  sur  1(*  siqnal 
reei i .  II  mnvient  •Jniu  (1 '  i n terpre ter  ccs  evanou i ssemen ts  en  terme  dc*  function  (Je  transfert  du 

i  anal .  Dans  le  eas  env i saqe  i('i,  les  valeurs  extremes  re  tenues  pour  les  evanou  i  .ssemen ts  sont  les  suivan- 
tes  :  [(HIM  197V 

.  Duree  d’un  ev  anon  i  ssemeri  t  :  0,08  s  a  1,8  s 

.  faux  d  ’  (v  a  non  i  ssemeri  t  :  8  a  40  par  mn 

.  larqeur  de  spectre  d’un  evanou i ssemen t  :  0.1  kHz  a  1  kHz 

.  Vitesse  a  laqucllr  un  ev anon i ssemen t  traverse  le  spectre*  :  0,8  kHz/s  a  ?  kHz/s 

In  plus  de  ees  phennmencs  per  turba  tour  s  d 1  une  transmission  HI  ,  il  eonvient  de  rioter  la  presence 
de  bruuilleurs  de  forts  niveaux  qui  sont  essen t i e 1 1  emeu t  dus  a  la  te l eqraph i e  (spectre  etroit)  e  t  aux 
liaisons  HI  I )  (spectre  lartje).  De  f.iron  evidentc,  les  liaisons  numer  iques  se  compor  tent  el  les  aussi 
■  nmme  des  brouilleurs  les  ones  vis  a  vis  des  .nitres. 

Hour  pouvoir  mesurer.  analvser  ct  model iser  la  fonction  de  transfert  du  canal  a  des  fins 
de  simulation  en  laboratoire.  il  est  nccessaire  de  concevoir  un  systeme  speeifique.  la  mise  en  oeuvre 
de  re  svstemr  est  ennd  i  t  i  cmnee  par  ies  car  a<  t  er  i  s  t  i  ques  du  canal,  (|ii  i  viennent  d’etre  eitees. 

If.t  -  (ontraintes  I  ices  aux  variations  des  carae ter i s t i ques  du  canal 


.  la  duree  d 1 oi iver Jure  (T  )  des  reoepteurs  doit  etre  suffisamment  importante  pour  permettre 


i  I  H‘ f.rtncr.i 


>ans  «■..»  u'isimi  finalr.  1  '  .in.t  1  \  st*ur  ill-  li.tison  four  t  i  onncr.i  <  •>  mod*-  oblique  : 


*.  i  mu  I  f  .mcmm  t 


PicMirc  tic  i.i  tonrtion  dc  truusfYrt  tjJoh.iJc  tl»i  r.m.il  HI  <t  ccllc  dc  pr  i  tie  i  |><m\ 


p.trumt-  t  res  c.  trac  t  cr  i  s  t  i  qu»-*,  :  temps  dc  prop. up)  1  i  on  .  <\  X  trnu.t  l  i  ons  ct  dee.  il.iqes  frequence  Doppler.  II 
prrmettr.i  cm  untie  I’etude  ties  t » r  1 1  i  t «,  ct  der,  hrnti  I  I  I  cur  s  presents  duns  l.t  i)<inde.  In  periode  minim.iJe 
dt  re.u' tual  i  s.i  t  ii>ii  ties  mesures  de  l.i  function  de  transfer  l  ser.i  tie  ]  ’unit  e  de  III  ms.  In  qr.inde  quuntite 
d  1  i  n  f  <  irm.i  t  i  of  i  ocqn  i  ?.e  <\  uu  tel  r\  thmr  I  imi  te  neeess.u  remen  t  l.i  duree  ties  e\per  i  men  t  ,i  t  i  ons .  pour  drs 
IM  t  setts  tie  stock. iqe  ct  ti  ‘  e\p  l  o  i  t  «t  t  i  on  ties  resu  1  t  <i  t  ?i . 

Uous  dccrisons  ici  one  premiere  \ersion  de  ee  systeme  qui  permet  de*  mestirer  les  princjp.iux 
p.ir.imetres  de  propaqu  t  i  t  n  du  tsin.il  de  tr.insmi  ssiun  HI  .  l.i  duree  des  ucqu  i  s  i  I  i  ons  est  1  imi  tee  a  quelques 
tii/. tines  tie  minutes.  Cost  pourquoi  il  .i  etc  juqe  utile  de  pomuir  disposer  d’un  systeme  eomp  1  einen  t.i  i  re , 
permet  tun  t  de  surveiller  p.ir.i  1  lelemen  t  le  eompor  temen  t  du  tsinal  stir  des  (‘the  lies  de  temps  plus  ur.indes 
(quelques  tii/. line1,  d’heures).  Ce  deuxieme  systeme  se  limile  a  l.i  mesure  du  ricenlnqe  Doppler  (inteqre 
sur  one  minute)  (Her  tel  et  <i  1  .  19S  et  a  cel  I <■  du  temps  de  propagation  (lu  premier  mode  on  trajet  ref, ‘it. 
Poor  ili",  raisons  do  eommodites  de  mist'  eri  oeuvre,  1  *  on*.  1  vsrur  de  liaison  a  tout  d'abord  etc  teste  sous 


\|>!  rs  avoir  rappel  e  les  etmtraiut.es  essen  tiel  les  apportees  ()<ir  les  car<ic  ter  i  s  t  iques  du  canal 
III  ,ut  \a  mesure,  turns  deerivous  done  dans  la  suite,  tin  prototype  du  systeme  d'analyse  de  liaison  dont 

le  . .  t  i  onriemeu  t  est  ac  tue  I  I  emen  t  limite  a  I'incidencc  vertieale  [  Le  Roux  et  al.  1983],  Pour  terminer. 

. if  art-sen  tons  des  rcsultats  de  mesures  obtenues  dans  ees  conditions.  Ce  type  d  'exper  imen  ta  t  ion  est 

destine  a  \a  litter  les  principes  tie  foric  t  ionnemen  t  et  do  traitement  de  ['information  qui  ont  etc  re  tonus 
poor  In  real  isnt  inn  a  vt-uir  de  la  version  oblique  bistatique  tie  l’analyscttr  de  liaison. 

!l  IIS  t  -\U-\C  n  RISTIQUiS  OU  C-MUL  IT  LLURS  HLSUHF.S 

I  i  .  I  -  Ooenees  ae  tue  1  les 

Des  etudes  portant  sur  I ' amel iora t i on  de  la  connaissance  du  milieu  de  propagation  ionospherique 
-.on  t  en  euurs  tlcpuis  plusieurs  deoennies.  Liles  ont  pour  but  I  '  i  n  terpre  ta  t  ion  physique  et/ou  statistique 
le  me-, lire,  elfeetuees.  so  i  t  en  routine  par  ies  stations  de  sondaqes  /onithaux  repurties  sur  tout  le 
t  j  1 1  it  it  • ,  soi  t  a  1 'oee.isitm  de  campaqnes  (('experimentation  plus  spec  if  iques.  mises  en  oeuvre  sous  incidence 

nt>  I  i  que  . 

les  ionoqrammes  obtenus  par  les  stations  dc  sondaqe  verticaux  fournissent  tine  representation 
it '  eiiseml)  I  e  ties  hauteurs  virtuelles  de  refraction  des  differentos  rout  he  s  ionospheriques  en  un  lieu 
,10,11,  f.  [Is  permet  tent  dc  disposer  ti'une  surveillance  quasi  continue  du  milieu.  Les  donneos  issues  du 
fiepou  i  ]  I  emen  t  fit",  i  onoqrammes  servent  tie  base  a  1  ’  e  tab]  i  ssemen  t  des  methodes  de  previsions  a  moyen 
ri  loo,!  icrme  tic  certaines  carac  ter  i  s  t  iques  ionospheriques  [Le  Roux  1980)  (Jones  ft  al.  19f, 'I  ;  eepen- 
i,,,,t.  |t-  dcqri-  de  precision  insuffisant  ct  la  trop  grande  periode  de  reac  tua  li  sa  t  ion  de  ees  mesures 

I  is  mr,  1-0  moyrnno),  ainsi  t|uc  I  a  limitation  du  nombre  dc  parametres  earae  ter  i  s  t  iques  qu'elles  eoneernen  t , 

,,-,,,1,-ot  impossible  I  cur  application  direete  aux  prob  I  ernes  ties  transmissions  a  plusieurs  kb/s. 

I,  !!,-h,  j  t-me  tvpc  de  mesures.  effet  Inc  sous  incidence  oblique,  en  mode  monos  t  a  t  i  que  par  la 
, ,  ,  I,, ,  |  ,|, ,,  ,|,  is  t  red  i  t  f  us  i  un  i  t.mi  te  I  ,ird  ct  al.  1977|  ;  [  Sitca  rman  cl  al.  1980],  uu  en  mode  bistatique  (liai- 
........  exp.  rimcnt.ilc.l  [thav.md  .1  al.  19s,1  I  |*..t  terson  et  al.  1969 1  ;  [  t  ockwood  ct  al  .  I9S0 1 .  est  btsi'ieoup 

,  I  .  .  pit  u>  ,  up.it  inns  if '  augment. .  t  inn  ties  debits  de  transmission  par  vuie  HI  .  Dans  ee  t  as. 

j  i  ■ .  ills  suit  de  tleux  naluit".  :  i  I etiiieernen  I  I  'analyse  (les  mecanismes  tie  la  prtip.it|.i  t  ion  dans 

I  i  oirtiftt,  do ,  ame  i  r  i  f|‘ it  ainsi  ipn  la  mode  I  i  sa  I  i  un  (lu  canal  HI  ,  en  vue  tie  sa  simulation  en  Icmps  reel 

.  ■ ,  |  il,,,.  itoire  I  S.ii  Ini  et  al.  I97hi.  I  t.n  I  dbeni  e  t  al.  I9h')|. 


,  ....  i  i ,  i  oi  I- ,1  ,n  ii  <  ■  .  |es  p.trame  I  rt".  eludit",  snot  uenera  I  emen  t  les  Icmps  de  prnpaua  t  i  on  . 

I ,  .  1 1  t ,  i ,,  1. 1  f  i  ons  el  It",  tit  •  a  I  arje  s  dr  t  requeue  (  Doppler  df,  (I  i  f  f  eren  I  s  mu  I  1  i  -  modi  s  el  mu  I  I  i  -  1 1  a  ie  I  s . 

M  ,  i  , .  | ,  -.  I  oi  In  i  i  pi  ie  s  u  I  i  I  i  'at". .  oof  ammen  I  ptr  ir  I  '  es  t  i  ma  I  i  uu  dt",  ticca  I  u‘|fs  Itopp  1  et  (par  III),  peox  •  i ,  I 

,  ,  |  t  , ,  j  ..  ,  ,  a  f  ,  i  of  r-  ,  i,  if  trop  r]  t  ,  tilth  i  ii  I  t'(|f  a  I  i  titi  d.n  is  If  temps  dt".  me  suit  s  e  I  I  end  I  a  i  mpu'.'-  i  It  I  (  I  e  sii  i  \  i 

,1  ,  V11 1 ,,  t  j  (III  ,  ana  I  an  niveau  tie  sis  t  lui  tua  I  i  (ins  a  t  rt ".  t  null  Icrme.  De  plus.  (laic,  la  plup.lll  ties 
,  as.  on  n  ’  i  den  I  j  I  i  e  pas  Its  (let  a  I  ages  Doppler  e  I  les  a  It  eiiu.i  I  i  mis  efirrespuntlan  I  a  un  motif  tin  trajet 
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ABSTRACT 


Numerous  industrial  laboratories  are  currently  workiruj  on  i  ncreas  i  nq  the  rate  of  digital  trans¬ 
missions  i n  the  deeametrie  range,  by  means  of  adaptative  modems.  To  contribute  to  this  work,  one  must 
define  more  rlusely  the  ionospheric  channel,  not  only  concerning  its  rapid  f  lur  tua  I  ions ,  hut  also  its 
slower  time  evolutions.  The  measuring  system  described  in  this  paper  has  been  drawn  up  with  this  in 
mini.  It  is  therefore  designed  to  provide  for  two  types,  of  ionospheric  medium  i  nv»  s  t  iga  t  ion .  The  first 

concerns  the  estimation  of  the  main  parameters  of  the  channel  transfer  function,  with  an  up-dating 

process  in  the  order  of  ten  milliseconds.  With  such  a  cyclic-rate  analysis,  constraints  of  data  recording 
•'estriet  the  length  of  the  observations,  This  system  then  also  gives  information  about  the  channel 

i  i  me  -  v  ary  i  up  ebarae  t  er  i  s  t  i  es  over  intervals  of  a  few  tens  of  seconds,  and  thus  allows  a  survey  of  the 
average1  behavior  of  the*  channel  in  a  guas  i  -eon  t  i  minus  manner.  Hen*  we  comment  on  the  first  results 

obtained  during  .in  experiment  at  vertical  incidence  with  the  aim  of  validating  equipment  and  measurement 
ternnjuMe. 


I 


IN  I  PI  HHU  II  UN 


II  r\t  hi*  i •  rourni  gue  1  1 i onnsphcrc  refracte  les  nodes  e lee t romaqne t iques  de  la  gamme  deramr- 
igu«  .  ■  *  it,  i .  t  •  •  n  r  i « *  1 1  est  ties  largemerit  u  t  i  1  i  see  pour  etablir  des  liaisons  de  eommun  i  ea  t  i  on  transhori- 
.  Mai1-,  i  '  i  -  ii  i- t  e  c.l  rgalrment  no  milieu  an  iso  trope,  dispersif  en  temps  et  en  frequence.  inhomo- 

■  i*  et  -t.it  i  *  •  r , ; . .  i  J  r'  *  dans  It  temps.  CeS  carar  ter  i  s  t  i  goes  son  t  sources  de  divers  types  d  '  evanou  i  sse  - 

i  *  i  *  i  j  >  i  i  at  f  *i  it  r.t  les  transmi  ssions  HI  et  en  deejradent  s  i  nqu  I  i  crcmcn  t  la  qualitc.  A  i,  t  incon- 

i*:  f.  .'  I’di.ti  i  *  lui  de  I  '  encombremen  t  spec  t  r.i  l  de  la  gamme  deramr t r i gue .  II  se  traduit  souvent 

r  a  i  a*  t ,  r  ••  i  i  1  1 .  m  | »  de  tnute  communication  par  voir  i  onospher  igur  . 

Mi!gre  «  «  *.  prohlimes,  les  u  t  i  1  i  sa  t  curs  de  svstemes  de  t  ransm  i  ss  i  on  HI  on  t  le  desir  d'augmenter 

df  tit-,  cf  la  liahilite  de  lours  rommun  i  (  a  t  i  of,s .  |)e  tel  les  a  me  l  i  ora  t  i  ons  [>assent  par  line  meillrurr 

■  i  1 1  r  i  -,.i  t  j  i  a,  gu.m  t  i  ta  t  j  ve  el  qualitative  du  canal  HI  et  nntamment  de  ses  f  I  nc  tua  t  i  ons  a  tres  court 

t'me  \.U'>n<  et  al.  lV,S/>  ! .  In  effet,  les  progres  innstants  tie  la  technique  aidant,  les  I  almra  to  i  res 
tro'1  d*  <*»nii-voir  les  equipements  tie  transmissions  dans  la  gamme  #v  *0  MH/ ,  peuvent  at  tue  I  I  emen  t 
•I  dr1,  svstemes  dr  m-dulation  et  de  demndu  I  a  t  i  on  tiascs  '-ur  (It  s  algorithmes  de  plus  en  plus  prrfor- 

*s.  11  tst  toulefois  neeessaire  (f*  him  adapter  i*s  dernjers  auv  realites  de  eompof  temen  t  du  canal 


If-.  I  ahora  I  n  i  re  s  i  'barges  des  etudts  de  l  r  .  n .  *.n  i  s  \  i  on  par  vnic  i .  mosj  itier  i  gue  tint  ainsi  besoin 
•  i  *  r  *  la  Inin  lion  de  t  r  anst  t  ?  1  du  ■  .n  il  Ml  .  de  me  me  » \>  i*  son  evolution  dans  1  e  1 1  -mps  .  11  es  t 

i  **'i  ■  a  t  e  i  ?  d,  •  iv .  i  i  r  me  -  ,  r  *  r  ■■  i  m,  >«  t*  I  i  •  *  r  .*11*  «  i  .  It',  i  *  m  i  I  t  a  t  s  de  me  sur  e  e  t  <i '  ana  1  \  se  de  la 

-  ’  i  ■■  d*  -ft?  ••  t «  r  I  >r- 1  d*  •  t  i  -  I*  -  -i  ■  r  i  *  »•  f«  i  i  <  ■  -  «r , ,  '  p  t  i  <*-<  des  modi  m*.  vers  one  meillrurr  at  lap  1  a  t  i  on 

'  ’  i  ’iii'  I*  ■  r  • .  i  ;  i  *  i  ■  ir  dr-  I  i  ■  .i  - ,  i  *■*  r  '  .  I  i  m.  >d«  I  i  '..i  f  i  on  de  1  f  oiu  t  i  on  de  transfer!  doit  per  me  t  - 

1  •  "  i  -si .  I  *  t  i  1  <  '  !  it  •  r  ,  ’  ;  i  *  •  •  ■  i  •  i  I  Ml  ;  -  <  -  i  *  *  i  •  •  de  *ni  fir,  au  point  e  t  de  tester  les  pro  I  o  t  \  peS 

d*  :  t  i  ■  or  t*  :  •  . ,  r  r  •  *  I  .  i  ■  i  -  ,  ..-if  !  a  •.  d«  pti.c.e  s  <1 '  e  t  ude  s  i  ompa  r  a  I  i  v  e  s  des  performances 

■  <  :  t  f  i  r  *  ■  f  ■  s  *  •  t.  r  .  i .  r  ■  ■'  i  ok  *  »  \  J  .  l‘s  J  W.i  t  tef  s.  m  IMs  1  !  . 


N*-e  I  ■»  -  ■  •  d  r  ■ 

de  me-, i  ir  ,  r  i  -i  » •!»■*  t  i  '.*•  -I*  r  r 

de  l  i  son  .  \  ‘  api*  1  i  *  i  t  \  %  i  -  *  * 

m  i  ss  i  on  .  tin  "  i  n  M  r  »  •-*  a  d*  • 
t  kHz  a  H)  kM/  .  pour  *1*  s  v  i  tes-. 


■  *  u  *  ;  •  !  *  .  It  j  ■!  »  n,  j  *  r  *  *  t  a  pi  ft  '  une  etude  don  t  I  1  oh  jer  t  i  f  final  es  t 

’-i*  do  .  mil  a*  *  r  ,i!.-.pi  i  ss  i  on  i  ono-.pher  i  gu<  .  a  I  ’  a  i  de  d'un  analyseur 

•  t  it  ■  i  mi ,  1  1 1  i  i  .I.  (t.  temp1,  reel  r  t  *  •  i  1  atm!1 .  i  t  o  i  re  de  re  canal  de  t  rans  - 

•  •'  -.  HI  d*  M M i  ,i  cum  t*m.  I*  s  i,u«ieurs  de  hande  envisagees  sont  de 

.I*  tr  in  sm  j  *. i .  .i ,  di  I  ■  *  r  dr#  d*  U  kh  s. 
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M  j  ii;  -  l-.t-p-ipT  in  KMV  hup  ini  ■  nn  i  :•< -Mii-r! 1  r. .  !'•  1  •  t  t  i-  s  Int.-rii'i!  I-Vpn!"  I  l-o- 

IK.  i  1  V- ■  1  .  IX,  litre.  VM  .  pigo::  . '  a  —  -  -  4  ,  I-'.',  l>1./,  ; 
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DISCUSSION 


.I.K. Patricio,  Po 

I  etude  cst  basec  sur  la  frequence  dc  7  Cil  I/,  jc  Ic  crois.  Peut-on  conclurc  quo  Ics  rcsultats  scront  Ics  memos  ci  autre 

frequence  de  la  bands'  des  nudes  centimclriqucs? 

Author's  Reply 

f  rom  the  expressions  of  paragraphs  4  and  I : 

(a)  The  flat  fading  unavailability  increases  linearly  with  the  radio  frequency  f  (Upj  ,yp  =T) 

(b)  I  he  selective  fading  unavailability  increases  with  I  according  to  the  law: 

1st.  f 

(i.Argyropoulos.  ( ir 

( 1 )  In  table  3.  on  page  17-1?.  standard  space  diversity  of  1U  m  is  given  as  one  of  the  system  characteristics.  Is  this 
distance  between  the  two  antennas  the  optimum? 

( 2 )  Is  there  any  formula  to  calculate  the  optimum  space  diversity  for  digital  radio-relay  systems  using  data  as  (a 
function  of)  the  distance  anil  the  frequency?  What  do  you  foresee  at  this  point? 

Author's  Reply 

(  I )  A  space  of  1(1  m  between  the  diversity  antennas  has  been  chosen  as  a  typical  value  generally  adopted  in  high 
capacity  hne-of-sight  links. 

( 2 )  I  he  formulae  given  in  paragraph  6  for  calculating  the  correlation  coefficient  k  tor  space  diversity  have  been 
derived  from  propagation  experiments  on  analogue  systems  over  many  years. 

I  he  very  last  experimental  results  obtained  from  digital  systems  seem  not  to  confirm  the  supposition  that  the 
digital  diversity  behaves  as  the  analogue  one.  Theoretical  and  experimental  research  is  in  progress  in  orde.  to 
clarify  the  problem. 
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Fig. 21  -  Frequency  diversity, 
&f  10  MHz 
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FRACTION  OF  TIME 

FADE  DEPTH  EXCEEDS  ABSCISSA 


~  Fr- }i  j » ' r ; \v  -.1  i  vur;:  i  t  y  ,  F i  g  .  ?_  '$ 
At  -  IK  MM/. 


I*' reqijF-' ncy  d  i  vo  rs  L  ty  ,  Fig.  24  —  C  rus:.;- band  d  i  vo  rs  i  t  y 

Af  -  •>('  MHz  Ar-4C;M  MHz 


9.  performance:  of  FERRARA- bologna  hop 

fig.  h  nh-iwn  t  h  i- ■  Farrara-lg  •  1  ngna  f '  i  •  *  1  >  J  trial  pa  t  h  { -r- ;  f  i  1 1* .  Th'*  link  •'  r»  >nn'-n  Ui»'  pi  • 
:  .  v«-r'  Vilify.  A  n  i  ng  I  •  •  Pro*  p  Jt-nry  ad'  7  17  /  MM/,  rn  'dnlafed  Py  a  loOA?*1  7<  •  Ml  i  t  digital 
ninna!.  !.:  t  r  ■ ;  i  r  i :  ’  tTi  i  *  r  -  •  1 .  1  r !  *  -  PanF-Par.d  '•  ;ua  •  i  za  M  -  n>  j  .•  i  n«*  1  ud-*d  in  Uv.-  dr-mod  n  1  a*  >r.  W--  1  i  m  i  * 

*  f  *  ?  hv  main  r*  •. ;  a  I  fn  a**h  i  in  Angnnd  /«/  whiah  wan  one  -.7'  thy  wnrst.  niun  t  hn 

:  r.  i  aP  1  **  n  r*  -p*  >r  t  Miq  in-  It  .7  a  v  in*  i  <  .  •  I  *>van  t  1 1 «  «  p-riad  af  novo,  < .  nta'-nin  !  P\  ■■ 

i  .  :  ,  ^  -.17.'. 

-  / 

Ih>!  qnjjli'y  Pa-  PH<  P  lar/.-iy  na  •  *  ‘  « *■/  i  h  7.  j*  a  t  i  ye  >'  k-a  !‘M  )  .  wh  i  1  ♦*  *  h**  qnaiity 

i  r-  *7-  I-  1  ■  i  ’  wan  ah  ■  «*  1  •  iim»-  wa';.-*  that.  ‘  i  p  1  i  rr;  i  t  .  - .  The  adaption  of  rrrqu* -nay  .i  i  va  •  rn i  *  y 

7..  !  i‘*r*-7  .aft':  fa'  having  ft;*  qaaiify  .*«  *mp  J  y  with  th*-  ah'  <v*»  nic-nt  i.inf  i  Mini  in. 

i  !.■  ■  :a*  •  a . -a  r»  ■  7  ;iii  i  ‘  y  in  [  r  a  ••  f  i  a  4 ;  i  v  •  in-;  i-*n?  wi*h  t  h<  Pare;-.  *»*n  v.'il  ma 

■■in..  *  ?*•;  a-1  a  *P--  h  i  .  t..grarn  r-7  i*  ir.g  it.*  nnrnt-T  ■  f  »  i  in*  •  *  n-  •  P  p  P  !,•  ]  ;  ■■  ,ai  j 


10.  RKKUI.TS  ON  THE  FIRM)  TRIM.  PINK  ARGKNTAH 10-1. IMBARA 

A  rg»  7 ; T  a  r  s  •  -Pimhara  i;  j  I  i  r  ■  >  7  - : :  i  gh  t  trial  link  <  7‘  .7'  km  .  .y*  •  r  Ur*  Tv  rrht»n  i  an  ;'(,a 
■ ;  7  !  .  IP  -  re  a  7770  MM/  fmri'ii'-y  in  modn  1  a  t .  •.  j  p.y  <4  MPit/n-  7p:'K  digital  n.ignal  and 


ISIS  and  IK  oqual  lzation:; 


:  • ;  u  !  i  rig  i:  I:  ,1  t;:v  i 


:  :  y  i 


s»  i mprcvem.'n i  i  nr  r educed  !..y  •  :ih 

in  r.  r.  mini  mum  phut?  >ridi  t  i  or;.;  .  How-v-r.  ir  is  to  be 

r.  rot  .iprjon.il  ,  hut  i  n  is  always  included  ir;  1  e  1 1  ra '  a 

ana’  inn  wad  “ale  in  order  to  rive  an  idea  ji'  the 
eh  -  ir  a  •  i  t.y  digital  me  ion:  for  renening  .an  :i:  cep  t.  ab  1  e 


r- 'Vern.'n  •  :r;rr-".  >  y  the  equalizer  would  he  approximately  twice  as  great 

.  -  >  •  lv>  me  *.em  without,  equal  i  nation.  Instead,  the  improvement  with  respect  to 

r.  with  ids  equal  izaticn,  is  negligible  in  that  it  already  has  a  very  good 
.  in  fne'  ,  • ;r.  re  the  rrt  -iem  improves,  the  smaller  becomes  the  advantage  that 
'.lined  with  an  IK  equal  izat  ion. 


Table  2  -  BF.R  statistics 


30  20  10  0  10  20  30  40iMM, 

"I 


BEK 

Probabi  1  i ty 

10l7 

I0-6 

10-5 

10-4 

10-3 

10 

sync  loss 

5.5  IQ"* 

3 . 5  10T 

2.8  10d 

2 .2  10‘44 

1.6  ICf4 

1.2  1C'4 

1.1  10  4 

NON  MINIMUM  | 
PHASE 


-  MODEM  WITH  BASEBANO  EQUALIZATION 

- MODEM  WITHOUT  BASEBAND  EQUALIZATION 


'ig.19  -  Signatures  of  140  Mbit/s  16  0AM 
QER  =  10  ,  =  6,2  ns 


Frequency  diversity  and  space  diversity 


■:*.  ivity  :n*- -i.;ur*»rr.ori  t  ;;  w-r^  rr.a-ie .  To  the  purpose,  five  IF  tones 
M:i/.  w  *  ran:  an  i  ft  * -d  vi  ♦  he  7  OH;-'.  channel.  The  probability 


w  >  * :  ,  i : :  -  ri *  ■  :  i  . ;  : 


i  w*  *  p>  ■  t  y  -■  ffe  •'  t  \  ng  many  ■  -ornb  i  nat  K>ns  id"  *  he 

Th>*  rr- q  ri.'  ah  >v;  •  h°  r^sp.e.'  t  i  ve  d  i  sfri  but  i  ons  of  two 
iiu*r:tut;  r*.  *hi*  w  ;!•:  result  t.y  ieriving,  in  any  rase 
.ami.  ;*  d  •  h**  *  w  .  by  ■'  -mpar  i  son ,  Uv  i  mprnvement  s 


1 h  a  *  i.  w:*h  :  r*«  ;  %v  .-.p-ioin 


i .:>  i  ‘  r  ■  a  i  n 


in..1.; 


Mode  de  t  unci  ionnement 


U  n  numhre  il<*  frcqucncrs  v  s  t  ci  '  .1 1>  o  r  <i  choisi  en  fonct  ion  des  u  b  j  e  c  t  i  f  ■.  dr 

l  '  cxpcr  icm'f  (  lie  r  1 1*  l  (“l  a  1  ,  1  *J  s4  ]  ;  l  e  systcmc  r  \  p  I  <>  1  e  cumi  i  1  c  s  eq  u (  n  t  i e I  I eme  n  t 

les  frequences  prereqlees. 

Au  debut  dr  l1 ex peri  cnee  Ir  zero  doppler  r  s  t  calibre  dr  :  u.  on  ,1  cviter 
t  mi  t  r  r  r  r  cu  r  d  1  inter  p  r  v  t  a  t  i  o  n  u  1  ter  i  eu  re.  A  rr  t  t  r  fin  1  a  r  a  i  e  p  a  r  a  s  i  t  r  lire  .m  r  mi  p  I  .1  - 

qv  rmr  1 t  eu  r  -  r  oerp  t  ru  r  a  etc  utilise*1.  Cette  rate,  comme  on  lr  verra  par  la  suite, 

prrturbera  parfois  les  spectres  present  .mt  des  dee.i  liigcs  doppler  v  o  i  s  i  n  s  dr  /  t  •  r  <  >  - 

Pendant  une  minute,  pour  I'h.ietine  des  frequences,  lrs  operations  so  is  antes 
sunt  e  t  f'ectuees  : 

acquisition  du  signal  sur  1  1  diidly  seur  dr  spectre  rn  uie  dr  determiner 

lr  sped  re  dopplrr  ;  la  duree  d '  acqu  i  5  i  t  i  on  a  etc  rhoisic  eqale  a  4  0  see  on  des  re 

pui  conduit  a  mi  pousoir  separateur  t  henr  ii|.n-  dr  (1,1)2  H  /  ; 

prnddnt  lr  temps  d ' acqu i s i t  i  on  sur  1  ' ana lv seur  dr  spectre  lr  ealculateur 
dr  1  ’  o  St*  i  1  1  o  s  cope  Tektronix  7s‘>4  determine  par  une  procedure  simple  1  '  enve  1  oppe 

des  impulsions  revues  (rn  I  ’  absence  dr  brou  i  1  1  eurs )  .  L  e  s  deux  courhes  sont  rn  suite 

stockees  sur  la  eassettr  du  ,  .2  l  cu  1  a  t  eu  r  . 

1 1  I  . ? .  3  -  Traitement  des  resultdts 

La  figure  s  represent e  un  exemple  dr  courbes  observers  over  le  system e. 

At'  in  do  limiter  lr  numb  re  de  donnees;  seules  les  valeurs  super  ieu  res  a  cellos  fixees 
par  un  seuil  out  etc  enreqi  strees  ;  ceci  explique  1’  a  llure  "tronquees  vers  le  has" 

d  e  s  ('ou  r  be  s  . 

Dans  l  <1  pi  upart  des  eas/  les  spectres  pre  sen  tent  au  mo  ins  deux  raies  cor  r  e  spun  - 
d.mt  a ux  modes  ordinaire  et  extraordinaire-  Lorsqu'on  observe  des  echos  multiples, 
des  decal  ages  doppler  P^uvenl  i-t  re  au  double  ou  au  triple  de  celui  du  premier  echo 

.i|»p.,r.iiss:int  sur  le  spectre.  (>  n'est  toutef'oia  pus  foujnura  1  e  rns. 

le  sy steme  de  surveillance  a  i  n s  i  mis  en  oeuvre  est  toutefois  limite  dans 
s >■  •■»  app  1  i  ca  t  ions  : 

il  n«*  per  met  quo  la  determination  d'un  soul  temps  de  qroupe  (celui  du 
premier  erhojen  absence  dr  uroui  l  icurs  : 

la  raie  parasite  utile  pour  1  a  calibration  pert  nr  tie  toute  me  sure  au 
vnisiuaqe  du  zero  doppler. 

It  -  HI  SUI  TATS  I)  '{  \  PI  R  I  Ml  NT  AT  ION 

Nous  presentonr,  ici  deux  t\pes  de  result  .it  5  obtenus  a  l  annion,  sous  i  nc  icii-n- 
<<•  'fit  ic.ilc.  les  premiers  sont  destines  a  i  1  lust  rcr  les  per  I  ormanees  de  ('bacon 
des  d  *•  u  x  s  >  s  t  erne  s  de  1  1  on  t  i  1  d  '  ana  1  \  se  de  c.iti.i  I  qu  i  v  i  e  n  t  d'etre  prcsenle.  les 
msultats  suivants  out  pour  hut  de  confront  cr  les  mesures  des  deux  svstemes,  au 
*  uni  r  s  d  '  r  x  pe  r  i  men  t  a  t.  i  on  en  f  one  l  i  o  linemen  t  s  i  mu  I  t  a  he  . 


I  \  -  1  -  I  x  emp 1 e  s  de  me  mi  r  e s  f  ou  r  n i e  s  par  I  ' a n a  1  v  s e  1 1  r  d e  liaison 


l  a  1 

1'  i  qu r  e  *,  e 

orrespotid  a 

one  experiment 

at  ion  ( j 1 1  i 

a  e  1 1 

lieu  le 

7 ,  11  '  Hi  , 

^  h  »•>' 

et  10  1,  / 

'()  *  T  .  II .  ,  a 

la  frequence  d  e 

7,74 

MM  /  , 

r  'est 

-  a  -  d  i  r  e 

a  u  niveau 

sc  [>a  rat  i 

on  des  modi 

■  s  o  r  d  i  n,t  i  r  e 

el  oxl  r.tonl  1  u.i  i 

re  di 

■la. 

['  one  Ik 

•  1  ,  . 

les  me  so  r  e  s  sont  issues  de  la  discrimination  pu  s  t  -  i  n  t  e  ij  r  a  t  i  ori  (  r  I  .  T  i  (jure 
■  ’  )  •  files  sont  i  ri  t  eq  r  e  e  s  sur  environ  I  ;  s  e  t  soot  r  r  a  ('  t  u  a  I  i  s  ee  s  toute1.  les  4  mn. 

I  f  s  ‘‘odes  e  o  m  p  l  e  m  e  n  I  ,i  i  r  e  s  d  *  em  i  s  S  i  o  n  sont  (I  e  longueur  In,  pour  nrir  duree  d  e  1  ’  e  t  a  t 

f  I  e  men  t  a  j  r  e  d  e  4  0  p  s  ,  suit  one  duree  (1  ’  i  m  pu  I  s  i  on  dr  n  40  ji  s  ,  les  rrlms  d  ou  b  1  t  s  curies- 
P  o  n  d  a  n  t  a  uiir  reflexion  a  u  sol  e  t  a  i  e  ii  t  presents  dans  la  I  riwt  ic  d  ‘  a  na  I  v  s  e  .  H  i  rn 

qu  ‘  e  n  p.ir  I  .1  i  t  accord  aver  les  e  a  r  a  c  t  e  r  i  s  t  i  q  1 1  e  s  des  e  e  ho  s  s  i  mp  I  e  s  ,  its  n  ‘  un  \  pas 


represent r‘>  pnur  dc,  raison*,  dc  rlartr  (if  fiqure. 


On  pet  1 1  fun*, i  .it  it  ties  variations  import  ,int  es  Ors  ti.mt  curs  v  i  r  t  u«- 1  i  t  s  dc  ret  r.n  t  ion  Off 
v,  modes.  Ours  .1  on  mouvemcnt  d'ensemhlr  Or  l.t  rouriir,  s.ms  modifications  import  antes  Ou  prof  i  I 
Ornsitr.  IV  niou\mirnt  0  *  ensrmb  1  c  cst  continue  par  1  .i  i  orrcl.it  inn  Or*,  evolutions  Or*.  Orr.il.Hjcs 

il»  r  dc  Oi.u'uii  Ors  0ru\  modes. 

I  ,i  portion  d ' i onoqramme  correspundant  <i  I  a  frequence  d‘ analyse  rst  sc henia  I  i  see  rn  has 

iijurr  rt  Ooniif  one  vue  d' ensemble  Ors  mouv  rmrnl  s  const  .it  es . 

I  <i  fiqure  i  correspond  a  unr  experimentation  <ju  i  <i  eu  liru  lr  <V'V:  nitre  1 1->  h  l/'1  et 

i  .O'  ( ou  voisin.uje  du  courtier  de  sulci  1),  a  la  frequence  Or  0  MH/  on  Irs  mode*.  ordin«tire  et  extra- 
i  no  i  re  Or  la  couclie  1  ^  sont  t)ien  srpares.  I  rs  mr.uivs  issues  de  la  discrimination  post  -  i  nt  eqrut  i  on 
intrqrers  sur  1/*  s  environ  et  sunt  react  ua  1  i  sees  4  foi*.  consrrut  i  v  es .  Oioeunr  Of  fe*.  f  xpr  r  i  mcr  it  a  - 
a.  Of  4s  *.  est  reprise  toutes  les  mn.  I  c.  conditions  O'emission  sont  cflles  de  la  fiqure  5. 

l‘rs  rcsultats  i  l  lust  rent  une  situation  ou  lr*,  e\oluti  ns  Oes  caract  cr  i  st  i  (jues  Ocs  deux 


■*.  retrartes  sont  opposees.  la  cause  de 
leif.it  r  e  l  e  r  I  ron  i  qnc  1  M<  *  r  t  <  *  i  rt  al.  Il*s4  ) 


■i  prut  rt  re  Our  rrltr  Ini',  .i  unr  mod  i  t  i  c.i  l  i  on  Ou  prof  i  1 


1  \  -  \  xrmplr  Or  mesures  Ou  sy  steme  de  surv  c  i  l  I  ance 

lr  sy  steme  Or  surveillance  fournit  Ors  spectres  d«»nt  l'crhellc  Or  frequence  cSt  inversco. 
i  qnr  Ors  dec alaqrs  Doppler  (jui  >  sont  represent  r*.  est  dns:  posit  if  lorsqur  la  vitesse  <ipparente 
uurtn".  i  i  i  i  sees  cst  Oiriqer  vers  lc  tiaut  . 

la  t  iqure  S  a.  pn*sente  un  spectre  0c  trois  raics,  Oont  deux  sont  eentrccs  sur  0,1/*  H/ 
.  'u  It/.  I  t  t  ro i  s i cmr  r*.t  la  raic  parasite  cent  rcc  sur  lc  zero  0c  frequence.  Ic  scuil  dc  detection 
i  sun  I  i  s<  ■  par  un  t  ra  i  t  fior  i  /on  t  a  1  . 


la  fiqure  *>  b,  mont  re  I’enveloppe  du  sitjnal  recti.  rorrespondant  au  premier  echo  Oont  lc 
■au  I  ranch i t  lr  scuil  de  detection  materialise  par  lc  trait  horizontal.  Les  impulsions  O'emission 
rsponOant  cs  avaient  uric  Ourcc  dr  600  jis  pour  uric  peri  ode  de  repet  ion  de  11  .  36  ms.  Le  spectre  four- 
cst  inteqrr  sur  ‘>0  s  et  I'enveloppe  Ou  siqnal  est  defiriie  par  l/*s  points. 

I\  1  -  KesuMats  cn  f oriel  i onnement  simultanc 


lions  proposons  dans  ee  qui  suit  deux  series  dc  rcsultats  commons  obtenus  par  les  deux 
t  ernes  truvaillant  para  1 1  c  I  ement  ,  ma  i  s  derales  cn  frequence*  d  '  emission,  O' environ  !>0  kHz.  I.c  sy steme 
surveillance  a  moyrn  terme  rie  permettant  O'avoir  acres  qu'aux  Oecalaqcs  Doppler,  aux  amplitudes 
raic:,  sped  rales  et  au  premier  temps  dc  qroupe.  on  sc  limitc  a  la  comparaison  dc  res  seals  parame- 
..  I  i".  -.iqrics  dcs  drralaqrs  Doppler  fournis  par  l'analyscur  de*  liaison  out  etc  inverses  dc  fa^on 
•*.  render  cumpat  i  b  1  cs  avee  les  spectres  issus  du  systrmr  dc  survei  I  I  ance. 

la  fiqure  H  mont  re  un  sped  re  Doppler  intcqre  sur  *>0  s.  obtenus  par  ee  systrmr  de  sur- 

I  i .  i :  *  *  iic.i  qiie  lc*.  (ju.it  re  spectres  obtenus  pendant  ee  laps  de  temps  a  1'aide  de  l'analyscur 
liai-MU.  tli*.  a  part  la  raic  rent  rale  parasite  du  spectre  qlobal,  on  pent  rioter  I  Iron  accord  entre 
anp  1  i  t  ui|fs  et  lc*.  dee.il.Hjes  frequences  obtenus  par  les  deux  met  bodes.  II  fnut  toutefois  remarqurr 

.'■it.-  >  -  >u'  ur  O.H'ce  dc*,  rcsultats  n'e*.t  pas  ijcncralc.  nutamment  lor*,  d'cvolutions  tres  rapidcs  de 
><  .<  i ' , ;  i  i  *»■  i  *  uu  If*,  fttet*.  0  *  i  nt  e  qrat  i  on  deviennent  ‘.ensible*,.  Ursinmo  i  ns ,  la  comp  I  ement  a  r  i  t  e 

»■.  r>«  I  i  >  s  0»  t  finp*,  drs  mrsurrs  Ou  ,s\  steme  0e  *.nr\ e  i  I  I  arire  vis-a-vis  0c  crllrs  de  I'analvscur  de 
i  Mid.  On  i  f  [icrr-ifttre  0c  mirux  apprehend*-  r  lc*.  processus  ptiv  *>  i  (juc  s  mi*,  rn  evidence  par  ee  dernier. 

i  a  1  i<juf'  •  sc  ert  ell-  a  unc  dujee  0 1  an  a  1  v  sr  hfaueouj)  pin*,  (jrande  :  Is  mn .  On  \  I  rmivc 

*  v-ns  Is  .[>'>  t  |.  »  rinsf  nil  i  t  *,  infrcjrrs  sur  ‘>0  s  cl  obtcruf,  par  lc  *.v  steme  Oc  *.nrv  c  i  1  1  anc<  .  dc 

■  j  ■  i  •  inf  t'lirc',  sur  imn  It  s.  uhtruus  par  !  ’  ana  1  \  *.nir  de  liai'.on.  1  '  emp  1  arrmrn  t  Oc*,  raic*. 

i  i  1 1  *  i  iii» »  r -in  *,  jiar  I  1  a'ia  I  \  *,cur  Of  liaison  cst  represent e  par  Oc*.  points  ft  cor  re*, pond  a  un  echo 

I'  I'Mjf.  -lr  |  r  <•  ji.eja  i  i  on  f*.1  tl'riiv  i  inn  1^40  1 1  s  .  !  f  *,  ffuix  nia  t  rr  i  a  I  i  sent  I  '  empl  .urment  Ocs  rates 

■  i  *  r  • !'  i  '  <  ■  In*  duuM  l  •  .  O.nil  I  c  l  emus  Oc  iirntMii.it  inn  o'  cst  t  onri-i  one  nai  I  1  ana  i  \  ‘a  u r  Oc  1  i  a  i  mhi 


Cummr  prrcedemment ,  a  part  t .«  presence  dr  nr  t  .lines  imics  parasites  pouvant  re  dm -s  .1  dr*,  brou  i  I  1  cur  s 
or*  constate  ijur  lrs  evolutions  genera lrs  dr*,  raies  speet rules  son  t  voisifies.  Oft  pml  cqu  i  rmrtit  rioter 
qur  lrs  evolutions  a  court  trrmr  du  Doppler  materialise  pur  lrs  points  sr  I  r.idijivut  par  on  #  1 .1  r  <  j  i  - 
srmrnt  dr  la  rair  cor  rrspondant  r  du  spectre  doniu*  par  lr  systrme  de  surv  r  i  1 1  ant  «  . 

v  -  conn  us  i  on 

lr  svstrmr  dr  mrsure  present  r  dans  rrt  article  a  rtr  rom.u  dans  lr  <  udn*  d'unr  rtudr  dont 
lr*.  hut*,  sunt  l’unulvse  et  la  simulation  en  lahoratoirr  du  tana  I  M.l  .  II'  st  runstitue  d‘un  utiulyseur 
dr  liaison  assorie  a  1111  svstrmr  dr  surveillance  prrmrttant  la  mr*,urr  a  court  trrmr  dr  la  function 
dr  tronstert  du  canal  rt  tit*  srs  principuux  paramrtrrs  curuet  er  i  st  iques .  la  prriodr  minimale  dr  rcac- 
tualisation  drs  mrsures  rst  d' environ  10  ms  rt  1  *1  durcr  maximalr  dr  sui  \  c  1  1  1  anrr  aut  uniat  i  qur  ottrint 
,"*4  h.  II  .jutorisr  mi  eontrolr  quasi -corit  inu  du  t  omport  rmrnt  min  cn  du  milieu  i  onuspher  i  qur  ,  »*i  1  \<-  point  ua 
dr  prriodrs  d’unalysc  dr  ses  evolutions  plus  1  op  ides. 

Drs  result. its  acquis  sous  incidence  vrrtirale  ont  rtr  prcsentrs  rn  sr  limitunt  aux  sruls 
temps  dc  propagation,  amplitudes  et  decalaqes  frequences  ;  ils  illustrent  les  possi hi  1 i tes  de  1 'out.il 
de  mrsure  rt  l'interet  que  pifsrntr  ertte  rtudr  qui  sc*  devrloppe  aetuellement  sous  incidence  oblique. 
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.  Ourees  *t '  impulsions  (psl  t  SO  ;  1C.0  •,  1.*U  ;  t'AO  ou  1***0. 
l>prs  de  modu i a t ion  : 

Dm*  flats  de  phase  0  -  n 

•  l*kiv  :  Ouree  d'un  »•  t.i l  :  '*0  ps . 

S  codes  prcprogr.imm.il) li's  pouv.mt  elre  seleetionnes  arbi tralromcn t. 

-  -V-iip  •  j  t  4  enwloppes  preprnqrammabirs  drf inies  p.ir  I  point/ 200  ns,  sur  ?04S 

points  maximum. 

•  I’s  i  h  i  I  i  f  e  dr  combiner  les  modi  i  Lit  ions  on  pluise  et  on  .implitudo. 

.  i  miss  ion  -  r.'i  op  i  ion  do  sequences  d’ impulsion  avant  enreq l s Icemen t  sur  hande  raaqnotique. 
i  f'.ifjuo  sequence  rst  rumposoo  do  1.  ,  4  ou  8  Impulsions. 

.  I  r'cij'ii'inT  d'emission  d'unc  sequence  programmable  .ivcc  incrementation  automdtique  cn  cours  dc  fonc- 
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-  impulsion  de  durer  variable 
dr  10  a  ‘VJ'J  jis 

-  f  requenct:  de  r  1  i  t  i  on 

var i able 

Systeme  ijenrr.it cur  dr  la 
frequence  t'o 

-  frequence  variable  de  0,1> 

a  10  MM/  par  pas  de  U)  Hz 

Systrmr  dr  rommandr  de  la 

frequence  d ‘emission  par  bus 

HI  -4HH  (systeme  mis  au  point 

au  depart ement ) 

-  S  frequences  prereqlees 

peuvent  etre  proqrammees 

Recepteur 

(HARD!  U\) 

Synchrone  du  systeme  d* emission 

sortie  video  a  100  kH/  puis 

sensibilite  : 

1 

j 

melange  avee  uri  signal  110  kH/ 

— »  sortie  a  10  kHz  de  f. 

i 

1  pl7M)>t.  pour  >y  10  dH 

Tableau  ?  :  Caractrr  1st Iques  principales  de  l’ensemble  Emission-Rccept  ion  du  systeme  de  surveillance. 
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DISCISSION 


P.  A.Bradley.  I  k 

(  I  )  W  hat  paths  ami  periods  o!  measurement  tire  \ou  planning  to  adopt  lor  luture  l rials 

1 2)  I  low  do  \ou  ehoose  the  recording  frequency? 

I  a)  I  las e  vott  gained  information  from  measurements  so  far  indicating  the  fraction  of  lime  2.4  kbit  s  transmissions  are 
possible  with  acceptable  error  rales? 

Reponsc  d"  Auteur 

t  I  |  I  fans  mi  premier  temps.  lanalysem  dc  liaison  sera  mis  en  oeuvre  stir  la  liaison  St.  Santin-l.annion.  Par  la  suite, 
d  autre  geometries  (distances,  orientation. etc...)  scront  utilisees.  I.cs  premieres campagnes  de  mesures  se  feront  ;i 
des  pcriodcs  de  lit  jotirnec.  du  mois  ou  de  I'annee  pendant  lesquellcs  (ionosphere  a  un  comportement 
caracteristique  de  certaines  conditions  de  propagation  influant  plus  parliculierement  sur  la  qualitc  des 
transmissions  I  IK.  II  serait  interessant  de  faire  lonctionner  par  la  suite  I'analvseur  de  liaison  sur  alcrtes  a  parlir  tic 
crileres  (a  determiner),  fourths  pa;  le  sysleme  de  surveillance  en  lonctionnement  quasi-continu. 

( 2 )  Deux  gtimmes  de  frequences  on  etc  retenues  dans  un  premier  temps,  en  relation  avee  les  previsions 
ionospheriques:  une  pour  les  experimentations  de  jour.  I'autre  pour  celles  de  nuit.  I  interpretation  des 
ionogrammes  tin  sotul eur  tie  Poitiers,  point  quasi  sub-ionospherique  de  la  liaiso n  St.  Sanlin-I.annion.  sera  niise  a 
profit  pour  mieux  sillier  I'etat  de  [ionosphere  att  moment  des  mesures  elfectuees  par  I'analvseur  de  liaison. 

(4)  ( "est  en  partieulier  a  cetle  question  que  \  ise  precisement  de  repondre  I  etude  en  coins,  l  es  resultats  obtenus  sous 
incnlence  vertieule  ne  permcltent  tictuellcment  pas  d  apporter  ties  elements  de  reponse  significatifs. 
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le  'WET  (Centre  national  d'Ftudes  dee  Telecommunications)  a  effectue  des  experiences 
ie  propagation  dans  la  bande  IJHF  (900  MHz)  en  zone  urbaine  (Paris  et  banlieue);  aes 
experiences,  consistant  en  des  mesures  de  clump  en  porteuse  pure,  seront  utilisees  pour 
l '  ingerjerie  d'un  systeme  cellulaire  de  communication  avec  des  mobiles  fonctionnant  en 
nur.erique . 

"ans  une  premiere  partie  une  analyse  de  la  propagation  radio  avec  les  mobiles  est 
present  ke  ainsi  que  la  definition  des  besoins  en  mesures.  Celles-ci  sont  decritee  en 
deuxieme  partie,  ainsi  qu' une  comparaison  des  resultats  obtenus  avec  des  modeles  deja 
proposes  dans  la  litterature .  La  decroissance  du  champ  suit  une  loi  en  D  '■*  avec  .»  =  3.S, 
et  une  bonne  correlation  a  pu  etre  etablie  avec  une  loi  log-normale  d'ecart  type  8  dB  pour 
les  "effete  de  masques"  et  une  loi  de  Rice  pour  les  evanouissements  rapides.  En  guise  de 
conclusion  nous  presentone  deux  types  d' applications  de  cee  mesures  effectueee  cat  CNET. 


1  -  INTRODUCTION 

I.e  CNET  (Centre  National  d'F.tudes  des  Telecommunications)  met  actuellement  en  oeuvre  un  programme 
de  recherche  qui  a  pour  but  d'etabllr  les  caracteristiques  d'un  systeme  cellulaire  de  radiotelgphonie  avec 
les  mobiles,  a  transmission  numerlque.  Pour  ce  faire  ii  a  £te  decide  de  lancer  des  eampagnes  de  mesures 
dans  la  region  parlsienne  afin  de  connaltre  les  caracteristiques  de  propagation  en  milieu  urbain,  dense  et 
no! ns  dense,  et  ses  consequences  sur  une  transmission  numerlque.  Cette  campagne  de  mesure,  dgeoupee  en 
pi  us  i  etirs  phases  a  d6bute  en  julllet  1983  et  devrait  se  poursuivre  jusqu'au  debut  de  1985.  llous 
presentons  ici  une  description  de  la  campagne  de  mesure  effectuee  ainsi  que  les  premiers  r§sultats 
recuelllis,  portant  essent ie l lement  sur  des  mesures  en  bande  etroite.  Nous  esqulsserons  ensuite  les 
doveloppe.  .  nl  ■:  ul  tcrieurs ,  que  ce  solt  en  ce  qui  concerne  les  mesures  qul  seront  effectuees,  ou  en  ce  qui 
(■(interne  1 '  tit  l  It  sat  ion  des  resultats  obtenus. 

Pans  une  premiere  partie  nous  analysons  d'un  point  de  vue  theorique  la  propagation  radio  en  milieu 
urbain  dans  le  but  de  determiner  les  parametres  les  plus  lmportants  et  les  mesures  3  effectuer. 

2  -  ANALYSE  DE  LA  PROPAGATION  RADIO  POUR  UN  SYSTEME  NUMERIQUE  CELLULAIRE 

Pour  un  service  et  une  quallte  donnes  deux  questions  sont  fondamentales  lorsqu'il  s'agit  de 
eonrovntr  un  systeme  cellulaire  numerlque  de  radlotelephonie  avec  les  mobiles  : 

-  lere  question  :  S'agissant  d'une  transmission  numerlque,  quel  est  le  debit  maximal  que  l'on  peut 
transmettre  pour  assurer  une  quallte  donnee  ?  Ce  point  est  part icul ierement  important  pour  choisir 
le  mode  d'acces  radio  :  bande  large  (type  AMRT)  ou  bande  etroite  (type  AMRF )  et  eventuel lement 
obligation  de  ra  (outer  des  traltements  compleroentaires  (egalisat Ion)  pour  assurer  une  quallte 
determi  nee . 


-  2eme  question  :  S'agissant  "un  systeme  cellulaire,  quel  va  etre  le  niveau  de  brouillage  intrinse- 
que  (sur  un  merae  canal  de  frequence)  sulvant  la  tallle  des  motifs  ?  II  est  bien  connu  que,  la  ban¬ 
de  de  frequence  a  utiliser  etant  determinee,  l'efficacite  spectrale  (nombre  de  communications  par 
hertz)  sera  plus  Important?  si  les  motifs  ont  pen  do  cellules  ;  mais  dans  ce  cas,  les  cellules 
ut 1 1 1 sant  les  memos  frequences  etant  rapprorbees,  lc  brouillage  sera  plus  Important.  Un  compromis 
dovra  done  etre  trouve  entre  1 ’occupation  la  plus  eronomlque  de  la  bande  de  frequence,  et  un 
niveau  de  brouillage  compatible  avec  la  quallte  souhaltee. 

La  reponse  a  ers  deux  questions  ne  pent  passer  quo  par  une  connaissance  precise  du 
r  id  loelertrlqiie  ;  nous  aliens  brievement  examiner  quels  sont  les  parametres  les  plus  lmportants 
faudra  dptorni  nrr  par  les  mesures  adequate*. 

g.1  -  Ft  ude  Jocale  :  les  trajets  multiples 

f’ne  des  pa  r  t  ( ru  1  ar  1 1  es  de  1a  transmission  aver  un  mobile  est  la  position  de  relui-ci  an  milieu 
d’lmmeubles  nu  ant  res  objets  re  fl  ech !  ssnnt  s  ;  l'onde  Incidente  va  done  etre  reflechie  ou  diffractee  sur 
res  objets  pour  etre  ffnalerr-M  feronposee  en  une  somme  d’ondes  arrivant  sur  le  mobile  selon  des  angles 
t  res  divers  ;  res  -nicfos  parn-urant  alors  toutes  un  rhemin  different  vnnt  avoir  des  temps  de  trajet 
legerement  different*  rux  aussi. 


cana  1 
qu '  i  1 


s  (  c  )  =  Re(<Htie2l7f  1 


Supposnns  qu'mi  ait  envoye 


!  e  signal  re^u  sera  alors 


r  (t) 


(( 


<>u  I'indico  n  represent  e  chaque  trajet  et  les  an»  t*n  ,  tn,  respect  i  vement  leur  amplitude,  leur  phase  et 
leur  retard. 

I. a  I'uiiiia  i  ssance  des  raracter  1st  iques  du  canal  radioelect  rique  necessite  done  la  cotmaissance  de  la 
statist  ique  des  a  ,  tn  ,  nn  .  Cette  representation  c.st  pa  rt  icul  ierement  importante  en  modulation 
mime rique  ;  eu  effet  : 

supposons  la  rapidite  de  modulation  petite  devant  1’ inverse  de  tjy.  (retard  maximal).  A  ce 
moment  la  tous  les  tra jets  refiechis  vont  arriver  pendant  une  fraction  de  la  duree  du  symbole  ;  on 
pourra  done,  re  1  at i vement  a  la  modulation,  supposer  tn  =  tj  et  on  aura  done  : 

r  it  i  Re  (fill  t  i  (  y  ap  e'"n  )  e2'  7f  *  )  Re  ( /'  e'^  o  { t  t.ie2nf  1  ) 
n  i 

pourra  appeler  ce  model e,  le  modele  "faible  debit".  Si  on  suppose  que  l'onde  incidente  se 
decompose  en  un  trajet  direct  (plus  ou  moins  attenue)  et  un  grand  nombre  de  trajets  refiechis 
(dont  les  coRiposautes  en  phase  et  en  quadrature  peuvent  done  etre  considerees  comme  gaussiennes ) , 
la  theorie  montre  que  /»  suit  lino  loi  de  Rice  et  0  est  reparti  uniformement  sur  f  0,2  7  ]  ([1])  . 

-  Si  la  duret*  d'un  symbole  n*est  plus  grande  comparee  aux  differents  retards,  chaque  symbole  va  de- 
horder  sur  le  symbole  sulvnnt  de  faqon  importante  et  provoquer  une  interference  intersymboles  ele- 
v  e e .  Dans  ce  ras  le  modele  comp  let  sera  necessaire  pour  etudier  les  performances  d’une  modulation 
donnee,  performances  qui  n'auront  de  chances  d’etre  acceptables  que  si  les  degradations  apportees 
sou  t  compensoes  an  preala  bit*  par  une  egalisation. 

<  e  problome  est  fondamental  pour  1 ’el aborat ion  d'un  systeme  de  radiocommunications  avec  les  mobiles; 
on  etiet  les  deux  types  de  rapidite  de  modulation  vont  correspondre  a  deux  techniques  d'acces  differentes. 
Si  on  suppose  que  la  duree  maximale  des  retards  se  situe  entre  3  et  5  us  on  peut  supposer  que  le  debit 
charnlero  va  se  situer  vers  30  kbit/s.  Dans  ce  cas  le  modele  "faible  debit  ”  sera  adapte  a  une  technique 
d'acces  AMRF  alors  que  la  technique  AMRT,  necessitant  des  debits  de  l'ordre  du  megabit  par  seconde  ne 
pourra  etre  etudice  que  dans  le  deuxiemo  cas.  Les  mesures  necessaires  pour  1 ' et abl i ssement  de  ce  modele 
t'eront  l’objet  d’une  prochaine  campagne  de  mesures  au  CNET,  elles  sont  du  type  par  impulsions. 

2-2  -  Etude  globale 

Indopendamment  des  phonomones  locaux  de  trajets  multiples  d’autres  perturbations  vont  se 
mani fester  sur  le  trajet  rad i oel ect rique •  En  effet  dans  une  transmission  radio  en  milieu  urbain,  la 

hauteur  des  antennes  est  telle  (environ  30  m  pour  la  base  et  2  m  pour  le  mobile)  que  1 ' ellipso'ide  de 

Fresnel  n’est  pratiquement  jamais  degage  et  que,  en  plus  de  1 ' at tenuat ion  dependant  de  la  distance,  le 

signal  va  subir  une  diffraction  dependant  du  relief,  phenomene  connu  sous  le  nom  d’"effet  de  masques".  Si 

on  consldere  unlquement  les  variations  a  grande  et  moyenne  echelle  on  peut  done  considerer  que  la 

puissance  moyenne  re^ue  peut  se  met t re  sous  la  forme  :  Pr  =  .  Pm>  ou  : 

-  Pfj  •  est  la  moyenne  de  la  puissance,  dependant  de  la  distance.  Le  modele  retenu  par  le  CCIR 

(2|  a  etc  propose  par  Hata  ( 3  J  a  partir  des  mesures  d’Okumura  [4]  et  donne  une  valeur  de 

2 '<if  faf  blf  ssement  t  qui  s'ecrlt  : 

A(dB)  =  69 , 33  +  2b,  lb  log  f  -  13,82  log  h^  ”  a(hm)  +  (44,9  -  6,55  log  h^)  log  d 

ou  :  -1  :  distance  entre  emetteur  et  recepteur  (en  km  ) 

h^  ■'  hauteur  d’antenne  de  base  (en  m  ) 

bm  ■  hauteur  d'antenne  du  mobile  (en  m  ) 

f:  frequence  (en  MHz) 

-  P  •  variable  aleatoire,  de  moyenne  1,  rendant  compte  des  effets  de  masques.  On  reconnait  en  ge¬ 
neral  que  Pm  s,jft  une  loi  lognormale  de  variance  n  comprise  entre  2  et  12  dB. 

Fes  resultats  de  propagation  seront  ici  donnes  par  des  mesures  d ' a t t enua t i on  du  signal,  en  porteu- 
se  pur«-  ;  les  mesures  necessaires  sont  decrites  en  3)  ;  les  resultats  obtenus  seront  utilises  pour  : 

-  1 'etude  de  la  modulation  has  debit  (cas  AMRF)  en  v  ra joutant  un  terme  Pf  representant  les 

evanoui  ssement  s  de  Rice  (ou  Ravl'j  f*~ls  quMls  seront  determines  dans  les  mesures  par 

impulsions  dans  le  cadre  du  modele  "taihle  debit" 

-  i  ’etude  de  la  geometric  des  motifs  de  colhilt-s  par  ralcul  du  niveau  de  hrouillago  intrinseque  re¬ 
sultant  de  1  ’  int  erf  erence  co-canal 

-  1 ’etude  de  la  position  et  des  rarac ter ist iques  des  stations  de  base,  a  geometric  de  motif  fixco, 
par  et  abl  i  ssement  d'un  modele  de  prediction. 


1  -  PRINCIPE  DES  MESURES 

[e  but  de  res  mesures  est  d'n»  querir  une  base  He  donnees  port  ant.  sur  les  trois  paramel res  de  la 
propagation  dot  inis  preredenmenf  :  e 1 n J gnemenf ,  effets  de  masques  et  trajets  multiples.  Les  trois 


phennmenes  se  produisant  a  des  echelles  de  distance  differentes,  deux  types  de  systetne  de  mesures  sont 
d  e  t  i  n  i  s  : 

-  systetne  dit  a  grande  echelle  pour  les  mesures  des  effets  de  distance  et  de  masques 

-  systetne  dit  a  petite  echelle  pour  les  mesures  sur  les  trajets  multiples. 


L.' ensemble  de  ces  mesures  est  effectue  en  porteuse  pure,  a  partir  de  trois  stations  d'emission  fixes 
sltuees  dans  Paris  intra-muros  (cf  fig.  3.1).  Une  quatrieme  station  est  installee  a  15  km  a  l’ouest  de 
Paris  (Chennevieres)  et  est  utilisee  pour  aborder  les  problemes  de  reutilisation  de  frequence  et  de  propa¬ 
gation  en  zc.e  suburbaine.  Ces  quatre  stations  sont  implantees  dans  des  zones  d'urbanisme  different,  avec 
des  carac ter  1st iques  d’emission  differentes  decrites  dans  le  tableau  de  la  fig.  3.2. 
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Figure  3.2  :  Caracterist iques  des  sites  d’emission 


I. a  station  de  reception  est  installee  dans  tin  camion  labnratoire  spec  i  a  1  ement  amenage.  TV  une  maniere 
genera  le,  Ie  systeme  de  mestire  se  compose  de  : 

-  une  antenne  etalonnee 

-  tin  recepteur  programmable  par  bus  IKKK  488 

-  tin  disposltif  de  mestire  de  la  distance  parcourue  et  de  la  vitesse  du  vehicule 


tin  mi  croca  Irulatetir  avec  memoire  de  masse. 
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DISTRIBUTION  OF  MULTIPATH  DELAY  SPREAD  FOR  PATH  4. 
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the  phe  rv  omen;  >n  of  antenna  gain  i1o<ira>1at  inn ,  or  coupling  loss .  The  important  point  to 
observe  is  that  coupling  loss  (ami  hence  beam  broadening)  is  small  for  low  gain  (i.o. 
wide  beam)  antennas,  hut  coupling  loss  and  beam  broadening  effect  are  large  for  high 
gain  antennas  with  narrow  beams .  It  is  found  that  the  dispersion  predictions  are 
strongly  influenced  by  the  size  of  the  common  volume  over  which  the  formulae  are 
integrated.  This  leads  to  the  expectation  that  predictions  of  dispersion  for  broad  beam 
antennas  will  ho  little  changed  by  the  inclusion  of  a  [warn  broadening  factor,  while 
those  for  narrow  beam  antennas  are  likely  to  be  significantly  increased.  These  are  the 
type  of  changes  required  to  minimise  the  prediction  errors  of  the  Re  1 1 o  and  Pusone 
mode  1 s . 


The  concept  d  using  an  effective  beamwidth  instead  of  the  plane  wave  beamwidth  for 
dispersion  predictions  is  not  new.  Sonde  (3)  discussed  the  problem,  but  did  not  give 
specific  formulae.  In  Collin's  method  all  the  antenna  effects  are  incorporated  in  a 
single  term,  the  antenna  gain  degradation,  so  that  beam  broadening  is  implicitly 
included.  K^r  the  present  study,  the  Pusone  simplified  model  was  modified  to  include 
the  beam  broadening  effect,  using  results  due  to  Hirai  (17).  The  Hirai  theoretical 
framework  has  provided  a  fruitful  approach  to  a  numbei  of  previous  studies  in 
t  r  >p< isca 1 1 e r  modelling  fe.g.  (ltt),  (19)),  which  provide  some  support  for  its  use  in  the 
present  context.  The  beam  broadening  factor  depends  on  atmospheric  parameters,  path 
;eeme try  and  beamwidth  in  a  rather  complicated  fashion,  and  the  evaluation  requires  the 
interpolation  of  some  numerical  results  which  do  not  fall  easily  into  an  analytic  form; 
h  'i  wo  ye  r ,  the  task  is  readily  accomplished  by  computer,  and  the  details  are  given  in 
(17).  The  predictions  given  by  the  simplified  Pusone  model  with  beam  broadening 
included  are  shown  in  the  final  column  of  Table  2. 

1.3  Predictions  of  Modified  Pusone  Model 


In  the  majority  of  paths  listed  in  Table  ?,  it  can  be  soon  that  the  inclusion  of 
beam  broadening  has  led  to  a  useful  improvement  in  prediction  accuracy.  In  two  cases 
(  he  upper  and  lower  beams  of  Lo  i  se  1  he  i  m-Wor  t  hhovon  PHF  link)  the  standard  Pusone 
predictions  wort*  slightly  larger  than  the  measured  values,  and  additional  beam 
broideninq  for  these  cases  makes  the  prediction  error  larger.  For  some  paths  the  beam 
broadened  predictions  are  still  well  below  the  measured  values  of  multipath  delay 
spread . 

considering  the  agreement  between  measurements  and  predictions  in  Table  2 
►here  are  several  points  of  importance  concerning  the  validity  of  both  the  measurements 
md  the  pred j cf i nns .  For  the  majority  of  paths  the  dispersion  measurements  were  made 
using  a  PA K F  analyser  with  a  delay  tap  spacing  of  100  nsec  (on  Paths  9—13  the  basic 
meg sat  .*ment  s  were  of  correlation  bandwidth,  from  which  the  multipath  delay  spreads  were 
inferred).  The  tap  spacing  effectively  sets  the  resolution  of  the  dispersion 
measurements,  and  if  the  delay  spread  of  the  path  is  comparable  with  or  less  than 
10H  nsec,  the  RAKF  measurements  may  be  unreliable.  A  further  point  concerning  the 
measurements  involves  the  setting  of  a  threshold  to  exclude  delay  taps  which  contain 
r n 1 y  noise  from  the  calculation  of  delay  spread.  The  threshold  must  be  set  high  enough 
to  exclude  al 1  the  noise  terms,  hut  not  so  high  that  parts  of  the  true  delay  power 
spectrum  are  cut  of f .  If  was  found  in  practice  that  often  the  calculated  value  of 
dispersion  was  quite  sensitive  to  the  value  of  noise  threshold  used.  Different 
practices  among  the  various  experimenters  may  mean  that  the  measured  results  in  Table  2 
were  not  all  evaluated  on  the  same  basis. 

A  final  point  concerns  the  input  data  for  the  dispersion  prediction  methods.  In 
the  preparation  of  these  predictions  it  was  found  that  the  results  were  quite  sensitive 
to  the  elevation  of  the  beam  axes  relative  to  the  radio  horizon.  Unfortunately  this  is 
a  parameter  which  is  difficult  to  measure  accurately,  and  is  often  not  quoted.  For  the 
data  taken  from  (20)  it  appeared  that  in  most  cases  the  beam  axis  was  directed  at  the 
radio  horizon.  For  the  remaining  paths  it  was  assumed  that  the  beam  elevations  were 
adjusted  for  optimum  signal.  The  theory  of  (17)  permits  the  optimum  elevations  to  be 
calculated,  and  these  values  wore  used  in  the  prediction  of  dispersion.  However, 
different  assum|  Mons  about  the  elevations  might  s i gn i f i cant  1 y  alter  the  values  in  Table 


4.  mNCl  PS  IONS 


A  programme  of  measurement s  of  multipath  dispersion  has  been  completed  on  several 
4. A  bHz  links  in  the  United  Kingdom.  Distributions  of  delay  spread  are  presented  for 
b' d  h  lower  ind  elevated  beams  of  the  dual  angle  receiving  system,  and  the  influence  of 
bej-nwidth  and  scatter  angle  on  the  results  is  illustrated.  A  relatively  weak  negative 
correlation  between  dispersion  and  signal  l^vol  was  observed.  Dispersion  measured  on 
two  space  diversity  ar.tennas  was  found  to  lie  wo  1  1  correlated,  wh  i  le  for  angle  diversity 
the  dispersion  on  the  elevated  beam  was  usually  larger  and  mere  variable  than  that  on 
the  1 :  i  w<*  r  beam  . 

T’h  e  Sf 1  measurements  and  other  data  from  the  literature  were  compared  with 
nrodictjons  of  median  delay  spread  by  the  Hello  nnd  Pusone  methods.  Doth  methods 
generally  gave  predicted  dispersions  that  were  less  than  the  measured  values,  but  the 
Pisone  method  gave  the  closer  agreement.  When  the  Pusone  model  was  mod i f i ed  by  the 
inclusion  of  a  boom  broadening  factor  due  to  Hirai,  the  nvor.il  1  agreement  was  very  much 
improved.  However,  the  results  were  quite  sensitive  to  the  beam  elevation  angles,  which 
are  difficult  to  determine  accurately. 


i 
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3  .  PR  EDI  CTtONS  O F  MULTIPATH  DISPE  R S  K3 N 

3,1  Prediction  Methods 

Many  authors  have  proposed  methods  for  the  prediction  of  multipath  dispersion  on 
troposcatter  links,  including  Sunde,  (3),  Rice  (4)  Bello  (5),  Gjessing  (10),  Beach  and 
Trecker  (11),  Merrill  (12),  Collin  (6)  and  Pusone  (7).  The  approaches  range  from 
elementary  geometrical  treatments  of  path  and  beam  geometry,  through  the  fitting  of 
empirical  functions  to  available  mesurements,  to  models  involving  physical  description 
of  scattering  or  reflection  from  refractivity  structures  in  the  troposphere.  Sunde's 
model  is  an  example  of  a  simple  geometrical  approach.  He  assumed  that  the  signal  power 
arrived  at  time  delays  uniformly  distributed  about  the  mean  time  delay,  giving  rise  to  a 
rectangular  delay  power  spectrum.  The  width  of  the  rectangle  (i.e.  range  of  time  delays 
to  be  expected)  is  determined  from  the  path  geometry  and  the  antenna  beamwidths,  but 
involved  no  atmospheric  parameters  beyond  an  effective  radius  factor  to  account  for 
average  refraction.  Rice's  model  was  a  very  early  attempt  which  represented  the 
troposphere  as  an  assembly  of  scattering  elements  with  a  three  dimensional  Gaussian 
density  distribution  about  the  centre  of  the  common  volume. 

A  model  which  has  been  much  quoted  in  the  literature  is  that  due  to  Bello  (5), 
which  uses  the  turbulent  scattering  theory  of  Booker  and  Gordon  (13).  It  assumes  a  well 
mixed  atmosphere  in  which  the  mean  squared  value  of  dielectric  constant  fluctuations 
decreases  inversely  with  height  above  the  surface  of  the  earth.  Various  workers  have 
noted  that  the  model  appears  to  give  predictions  which  agree  reasonably  well  with 
measurements  on  long  paths  (longer  than  about  250  km),  but  may  seriously  underestimate 
multipath  dispersion  on  shorter  paths.  Attempts  have  been  made  to  modify  the  Bello 
model  to  improve  its  accuracy  for  shorter  paths.  One  due  to  Daniel  and  Reinman  (14) 
proposed  that  the  scattering  cross-section  dependence  on  scatter  angle  should  itself  be 
a  function  of  distance.  This  modification  was  an  empirical  correction  based  on  a 
limited  number  of  observations,  and  it  is  difficult  to  find  any  physicial  justification 
for  it. 


More  recently  a  method  for  the  prediction  of  multipath  dispersion  has  been  proposed 
by  Collin(6).  This  is  an  empirical  formulation  based  on  the  analysis  of  measurements 
from  a  number  of  paths,  which  results  in  an  expression  for  multipath  delay  spread  that 
involves  frequency,  path  length,  scattering  angle  and  antenna  coupling  loss. 

Fxpressions  are  also  given  which  allow  multipath  dispersion  and  correlation  bandwidth  to 
he  calculated  for  time  percentages  other  than  the  median.  However,  as  the  method  does 
not  appear  to  embody  any  physical  model  of  the  propagation  process,  it  is  not  clear  to 
what  extent  it  may  apply  to  paths  other  than  those  used  to  generate  it. 

A  more  fundamental  approach  to  multipath  dispersion  modelling  has  been  attempted  by 
Pusone  (7).  This  again  employs  the  Booker-Gordon  formulation  for  scattering 
cross-section,  but  developes  a  physical  model  of  the  atmosphere  to  derive  turbulance 
correlation  distance  and  mean  square  dielectric  fluctuations  from  radiosonde 
measurements  of  temperature,  pressure,  humidity  and  wind  velocity.  The  objective  of 
this  work  was  to  derive  distributions  of  multipath  dispersion,  and  in  particular  the 
values  exceeded  for  small  time  percentages,  from  distributions  of  observed 
meteorological  parameters.  The  predictions  were  found  to  be  in  good  agreement  with 
measurements  over  a  path  operating  at  900  MHz,  but  much  poorer  for  the  same  path  at 
4.5  GHz.  The  principle  drawback  of  the  method  is  that  a  considerable  amount  of 
meteorological  data  is  required  to  compute  the  atmospheric  parameters. 

3 . 2  Influence  of  Beamwidth 

In  order  to  discover  what  sort  of  prediction  accuracies  might  be  achieved  in 
practice,  the  measurements  of  dispersion  that  have  been  published  in  the  literature  were 
used  to  test  two  prediction  methods,  Bello  and  Pusone.  The  Pusone  model  used  was  a 
simplified  method  derived  from  his  early  development  of  the  atmospheric  model,  and 
required  only  surface  me terolog i ca 1  parameters  as  input  data. 

A  summary  of  the  principal  path  parameters,  and  the  measured  and  predicted  values 
of  median  dispersion  are  given  in  Table  2.  The  results  will  be  considered  in  greater 
detail  below,  but  several  points  are  readily  apparent:- 

(1)  Both  Bello  and  Pusone  models  underestimate  dispersion  in  almost  all  cases. 

(2)  The  Bello  prediction  is  less  than  the  Pusone  prediction  in  almost  all  cases, 
sometimes  by  a  large  amount. 

(3)  The  discrepancy  between  measurement  and  prediction  tends  to  be  least  for  broad 
beams  and  greatest  for  narrow  beams. 

This  last  point  is  interesting,  and  raised  the  suggestion  that  an  effective 
beamwidth  might  be  more  appropriate  for  the  calculations  than  the  true  beamwidth.  The 
concept  of  broadening  of  a  beam  beyond  the  normal  free  space  pattern  when  high  gain 
antennas  are  used  for  troposcatter  communications  has  long  been  recognised.  Beam 
scanning  experiments  using  high  gain  narrow  beam  antennas  have  demonstrated  how  the 
effective  beam  pattern  may  be  subject  to  large  variations  (15,  16).  The  use  of  an 
effective  beamwidth  larger  than  the  free  space  beamwidth  is  also  one  way  to  interpret 


The  dispersion  measurements  were  part  of  a  larger  programme  which  also  included 
measurement  of  signal  level  and  system  performance.  Since  it  was  necessary  to  interrupt 
the  signal  measurements  in  order  to  measure  dispersion,  the  dispersion  measurements  were 
made  on  a  sampling  basis,  the  objective  being  to  make  one  measurement  of  each  diversity 
channel  in  each  hour.  This  represented  a  compromise  between  making  detailed  studies  of 
the  behaviour  of  dispersion,  and  minimising  interruptions  to  the  signal  data  logging. 

The  measurements  of  multipath  dispersion  were  accomplished  using  a  conventional 
RAKF  multipath  analyser  (9).  The  RAKF  transmit  unit  generated  a  70  MHz  IF  signal 
modulated  by  a  255  bit  pseudo-random  code  sequence.  Using  a  clock  rate  of  10  MHz  gave  a 
time  resolution  at  the  receiver  of  100  nanoseconds.  The  receiving  unit  had  correlators 
for  16  delay  steps,  allowing  a  maximum  delay  spread  of  1.5  usee  to  be  observed.  The 
integration  time  of  the  correlators  was  10  msec,  and  one  complete  RAKF  measurement 
(known  as  a  frame  of  data)  was  obtained  in  92  seconds  of  real  time. 

2.2  Results  of  Measurements 

Kach  frame  of  data  was  analysed  to  extract  amongst  other  things,  the  normalised 
delay  power  spectrum,  the  moan  time  delay  and  r.m.s.  time  delay,  o.  The  results  are 
mainly  presented  in  terms  of  the  multipath  delay  spread,  2o,  each  datum  being  an  average 
over  the  ]j  minutes  of  a  RAKF  frame. 

Figures  l  and  2  give  the  cumulative  distributions  of  delay  spread  (2o)  for  two 
cases  fa)  Figure  1  is  for  Path  2  using  dual  angle  diversity  reception  with  1° 
transmitter  beamwir.-th,  and  (b)  Figure  2  is  for  Path  2  using  dual  angle/dual  space 
diversity  reception  with  1.9°  transmitter  heamwidth.  In  both  cases  the  elevated  beam 
has  rather  more  dispersion  than  the  lower  beam,  as  is  expected  from  consideration  of  the 
geometry  of  the  common  volumes.  During  quadruple  diversity  operation  (Figure  2)  the  two 
lower  beams  had  very  similar  dispersions,  while  the  two  elevated  beams  differed 
somewhat.  It  is  thought  that  these  differences  are  probably  attributable  to  slight 
differences  in  beam  alignment.  For  small  percentages  of  time  the  elevated  beams  of  the 
quadruple  diversity  system  suffered  very  large  values  of  delay  spread  (2o  exceeding 
250  nsec);  some  of  these  cases  were  most  likely  due  to  aircraft  entering  the  common 
volumes  of  the  elevated  beams.  Comparison  of  Figures  1  uni  2  shows  that  the  change  of 
transmitter  beamwidth  (from  1°  to  1.9°)  has  had  almost  no  i  rect  on  the  median  value  of 
dispersion  for  the  lower  beams  (delay  spreads  between  105  and  110  nsec  in  all  cases). 
However,  the  slopes  of  the  distributions,  or  range  of  values  measured,  are  significantly 
larger  for  the  wider  transmitter  beamwidth.  Tt  is  possible  that  these  differences  may 
have  been  due  to  a  change  in  the  meteorological  conditions  between  the  two  measuring 
periods,  but  the  change  in  beam  geometry  provides  the  more  likely  explanation.  Under 
normal  well-mixed  atmospheric  conditions  the  lower  part  of  the  common  volume  (defined  by 
the  intersection  of  the  rays  that  graze  the  radio  horizons)  contributes  the  major  part 
of  the  received  power;  increasing  the  maximum  height  of  the  common  volume  by  increasing 
the  heamwidth  will  have  a  relatively  small  effect  on  the  dispersion.  However,  the 
difference  in  size  of  common  volume  may  be  much  more  noticeable  for  the  small  percentage 
of  time  that  one  or  more  elevated  layers  are  present  in  the  atmosphere,  as  these  will  be 
illuminated  more  readily  by  the  broad  beam  than  by  the  narrow  one. 


Figures  3  and  4  show  the  cumulative  distributions  of  multipath  delay  spread  for 
Paths  3  and  4  respectively.  These  two  form  an  interesting  comparison  as  they  are  almost 
the  same  length,  but  Path  3  has  the  larger  scatter  angle  (39  mrad  for  Rath  3,  24  mrad 
for  Path  4).  It  is  noticeable  that  the  path  with  the  larger  scatter  angle  has  the 
larger  median  values  of  dispersion  for  both  upper  and  lower  beams,  and  also  has  larger 
variability  of  dispersion  (e.g.  a  larger  difference  between  5*  and  504  values).  In  this 
comparison,  as  previously,  the  two  sets  of  measurements  were  carried  out  at  different 
times,  so  that  gross  changes  of  atmospheric  structure  cannot  be  ruled  out,  but  once 
again  the  more  likely  explanation  of  the  results  lies  in  considerations  of  path 
geome try. 

Figure  5  is  a  scatter  diagram  showing  the  variations  of  multipath  delay  spread  with 
signal  level  ;  this  example  is  for  one  of  the  lower  beams  of  Path  2  using  the  1.9” 
transmission.  It  can  tie  seen  that  there  is  a  tendency  for  large  values  of  dispersion  to 
'ccur  at  the  lower  signal  levels,  although  the  trend  is  not  very  strongly  marked. 

Ft  adly  similar  results  wore  found  on  other  beams  and  on  other  paths  in  these  trials, 
with  correlation  tie tween  minute  mean  signal  and  92-second  mean  dispersion  generally  in 
the  region  of  -0.3  to  -0.4. 

Figure  5  illustrates  the  relationship  between  dispersion  measured  on  the  lower 
beam  and  that  measured  on  the  upper  beam  for  Path  2.  Dispersion  for  the  elevated  beam 
almost  always  exceeded  that  for  the  lower  beam,  and  sometimes  by  a  large  margin,  but 
there  were  occasional  exceptions.  When  the  delay  spreads  for  the  two  lower  beams  of  the 
space  diversity  system  were  compared,  it  was  found  fhat  the  measurements  wore  very  well 
■orrelnted.  This  is  as  expected  from  the  fact  that  two  space  diversify  antennas 
illuminate  very  nearly  the  same  common  volume. 
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SUMMARY 

Multipath  dispersion  measurements  made  on  several  4.5  GHz  paths  in  the  United 
Kingdom  are  presented.  Beamwidth  and  scatter  angle  dependence  and  several  features  of 
dispersion  in  angle  and  space  diversity  are  discussed.  These  measurements  and  others 
from  the  literature  are  compared  with  predictions  of  dispersion.  The  predictions 
considerably  underestimated  the  measured  dispersion,  but  the  inclusion  of  a  beam 
broadening  factor  in  the  calculations  gave  a  significant  improvement  in  accuracy. 


1 •  INTRODUCTION 

The  work  described  in  this  paper  was  carried  out  as  part  of  a  programme  to  develop 
a  4.5  ('.Hz  troposcatter  communications  system.  The  forward  scatter  mode  of  propagation 
is  characterised  by  large  and  time-varying  path  losses,  and  multipath  dispersion  which 
may  also  be  very  variable.  Both  the  path  loss  and  the  dispersion  have  an  important 
influence  on  the  performance  of  a  digital  system  as  measured  in  terms  of  bit  error  rate 
or  system  availability  (e.g.  (1),  (2)). 

A  number  of  workers  have  proposed  methods  for  the  prediction  of  multipath 
dispersion  on  troposcatter  links.  (see  e.g.  {3),  (4),  (5),  (6)  and  (71).  However, 
there  is  little  consensus  between  the  various  approaches,  and  furthermore  there  is  only 
a  limited  amount  of  data  available  from  published  measurements  of  dispersion.  The 
programme  of  measurements  described  here  was  undertaken  to  expand  the  existing  database 
of  dispersion  measurements,  and  also  to  investigate  various  aspects  of  system 
performance  under  dispersive  conditions. 

The  dispersion  measurements  on  three  paths  in  the  United  Kingdom  are  described,  and 
a  number  of  interesting  features  of  the  results  are  discussed.  The  multipath  delay 
spreads  are  also  compared  with  the  predictions  of  two  published  methods,  and  it  is  shown 
that  in  general  the  predictions  underestimate  the  amount  of  dispersion  encountered  in 
practice.  The  comparison  of  measurements  and  predictions  was  extended  to  embrace  other 
published  data,  and  large  prediction  errors  were  again  encountered  in  some  cases. 
However,  a  cons i de ra t i on  of  the  results  suggested  a  modification  to  one  of  the  methods, 
and  the  results  of  this  amended  prediction  have  also  been  compared  with  the  measured 
data.  The  revised  prediction  method  was  found  to  give  a  useful  improvement  in 
prediction  accuracy  in  many  cases. 

Section  2  of  the  paper  describes  the  United  Kingdom  measurements  of  multipath 
dispersion  and  discusses  various  features  of  the  results.  Section  3  compares 
predictions  of  dispersion  by  several  methods  with  the  available  measurements.  It  also 
outlines  the  reasoning  behind  the  modified  prediction  method  and  compares  its 
predictions  with  the  measured  data. 


2  .  UNI  TE  D_  K  I  NGDOM_  MEASUREMENTS  0E'_  MULTIPATH  DISPERSION 

2. 1  Measurement  Programme 

A  programme  of  measurements  usinq  Marconi  Communication  Systems  equipment  (8)  was 
carried  out  on  three  paths  in  the  United  Kingdom.  Measurements  on  each  path  lasted  for 
several  weeks,  and  the  total  measurement  period  ran  from  Janua ry /Ma rch  for  Path  2  to 
May/June  for  Path  4.  Basic  parameters  of  the  path  geometry  and  the  equipment  used  are 
summarised  in  Table  1.  The  antennas  used  for  most  of  the  tests  were  4.5  metre  diameter, 
giving  approx imat e 1 y  1’  beamwidth  at  4.5  GHz;  dual  angle  diversity  reception  was  used  in 
all  cases.  Path  2  was  operated  in  two  different  configurations, 

(a)  with  dual  angle  diversity  reception  from  a  transmission  of  1°  beamwidth  (i.e.  as 
for  Paths  3  and  4)  and 

(h)  usinq  dual  angle/dual  space  diversity  reception  of  a  transmission  with  1.9” 
beamwidth. 


1»-S 


l'enveloppe  de  ce  signal  suit  alors  une  lot  de  Rayleigh  si  bj  et  b2  sont  gausslens  et  Independants. 

-  Af f albllssement  lognormal  :  11  est  produit  simplement  par  un  attenuateur  en  dB  commande  par  une 
tension  sulvant  une  lol  normale,  filtrde  passe-bas. 

Les  dlfferents  flltres  necessalres  pour  controler  la  vitesse  de  variation  des  pbdnom&nes  ont  etf  de¬ 
termines  par  les  mesures  effectuees,  dbcrites  en  3. 
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DISCI  SSION 


.I.S.BcIrnse.  (  a 

I  vv  ish  (<>  make  a  comment  relating  to  your  paper,  which  I  round  very  interesting,  because  we  in  Canada,  of  the 
(  ommunications  Research  Centre.  Ottawa,  have  been  studying  the  land  mobile  radio  environment  at  860  MU/  (as  well 
as  at  lower  frequencies  I  50  and  450  MHz  traditionally  used  for  mobile  radio).  We  have  been  measuring  the  coherence 
bandwidth  by  two  quite  different  techniques  (Bultitudc  and  Melanson.  private  communications),  and  the  signal  and 
noise  env  ironments.  We  hav  e  also  been  measuring  Bl  Rs.  and  their  correlation  with  these  parameters.  1  had  hoped  tq 
present  some  of  these  results  at  this  meeting,  but  the  work  is  still  on-going  and  has  not  reached  the  stage  where  I  could 
present  an  overv  ievv  on  it. 

I  lovvever.  the  purpose  of  mv  comment  concerns  the  performance  of  mobile  antennas  in  a  multi-path  clutter 
env  ironment.  At  86(1  Ml  1/  we  employed  two  quite  different  "gain"  antennas.  One  was  a  conventional  colinear  whip, 
anil  the  other  two  orthogonal  ground  plane  half-twin-delta  loops  fed  in  quadrature  to  provide  omnidirectional  gain.  In 
rural  areas,  and  on  streets  running  approximately  radially  from  the  base  station  transmitter,  both  exhibited  the  same 
gain  ( -  4  dB  vv.r.t.  a  quarter  wave).  But  on  orthogonal  streets,  where  the  signal  received  was  entirely  a  scatter  signal, 
these  antennas  exhibited  — 2  to  0  dB  gain.  The  delta  loop  antenna  array,  which  depended  for  its  gain  on  signal 
coherence  in  the  horizontal  plane,  suffered  the  greatest  gain  degradation.  Clearly,  the  received  signal  is  so  incoherent 
over  distances  as  small  as  the  dimensions  of  these  modest  antennas,  that  "gain"  is  not  achieved  (ref.  Belrose,  lfTibl 
Vehicular  Technology  Conference.  Toronto.  May.  I ‘>8.3  and  A(iARI)  f.S  131.  1983). 

I  his  fact,  along  with  azimuthal  nulls  associated  with  the  positioning  of  the  mobile  antenna  on  the  vehicle,  contributes  to 
(he  observed  fading. 


Fig  5  1  Principe  1u  mode'.e 
previsionnel  de  cojverture 


figure  5.2  /  Module  Rice'du  simulateur  de  canal 


5.2  -  S i mw la t  ou r  materi el  d e  canal 

I.c  but  dr  re  simulateur  est  de  permettre  une  evaluation  et  une  comparaison  en  laboratoire  de 
modems  numeriques  a  petit  d£bit  destines  £  un  acces  en  AMRF  sur  le  reseau  de  communication  avec  les 
mobiles,  'e  simulateur  drvra  done  figurer  le  modele  "faible  debit"  qui  a  ete  decrit  en  2)  et  done  pouvoir 
effectuer  : 

-  un  af fai hi i ssement  variable  ( representant  1 'af faiblissement  en  fonctlon  de  la  distance) 

-  un  af fa i hi i ssement  lognormal  de  moyenne  0  dB  (representant  les  masques) 

-  un  af fai hi i ssement  de  Kico,  de  moyenne  1  (representant  les  trajets  multiples). 

L'u  synoptique  general  est  donne  figure  5.3.  Ces  differents  af f aiblissements  sont  produits  de  la 

rue<wi  suivante  : 

-  \f  fa  I  b  l  i  s-.omeut  de  Hire  :  on  fait  la  somme  du  signal  d'entree  plus  ou  moins  attenue  et  du  m2me 
si, mm!  aitfcte  d'une  statistique  de  Rayleigh  produite  par  une  multiplication  de  ses  coraposantes  en 
pi.as**  et  en  quadradure  par  deux  bruits  gaussiens  filtres  (fig.  5.2). 


fiqure  5.3  :  Simulateur  de  canal  radiomobile 

i  ■  r  J  t-si  !«•  si;-i.i|  entrant,  il  est  decompose,  en  phase  et  en  quadrature,  en  deux  signaux 
•  f  t  [j  .  f  -f*(  r  )^in(r  t  );  |  .■  signal  de  sortie  est  aJors  ega  1  a  : 


>'(  t  )  -  h  j  ( t  )  A  ( t  )  c  o  s  i ,  <  L  -  bo(t)B(t)sin..'t 
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Cas  a)  :  Absence  de  trajet  privilegie 


Cas  b)  :  Existence  d'un  trajet  privilegle 

figure  4.2  :  Mise  en  evidence  des  trajets  multiples 
et  comparaison  avec  la  loi  de  Rayleigh 


5  -  UTILISATIONS 

5.1  -  Model e  prevlslonnel  de  couverture 

Le  but  de  ce  modele  est  de  permettre  d'etablir,  3  partir  d'une  position  d'emission  donnee ,  une 
carte  des  niveaux  de  champ  re<;us  en  tous  points  de  S envi ronnement  proche,  soit  par  trace  des  courbes 
d' isochamp,  soit  par  trace  des  coupes  de  terrain  sur  des  axes  part iculiers . 

Pour  re  faire,  le  centre  de  calcul  dispose  d'un  fichier  de  donnees  altimetrique  (1GN)  de  l’ensemble 

do  la  region  parisienne  realise  avec  un  maillage  carre  de  1  km  de  cote.  Chacune  de  ces  mailles  contient 
des  informations  sur  I'altitude  du  sol  et  du  sur-sol  (batiments,  bois)  en  differents  points  caracteristi- 

ques.  Certaines  parties  de  la  zone  numerisee  peuvent  etre  affinees  avec  des  mailles  de  200  m  ou  de  25  m. 

Dans  un  premier  temps,  ce  fichier  permet  d’etablir  des  correlations  entre  les  variations  locales  du 
niveau  do  champ  et  1 ’envi ronnement ,  afin  d’en  tirer  un  certain  nombre  de  lois  cmpiriques  tenant  compte  de 
cos  jdienomones  (densite  urbaine,  orientation  de  rues,  ...). 

i*iu*  fois  Io  model**  etahli,  ce  memo  firiiier  en  permettra  Sexploitation,  c'est  a  dire  Sedition  de 
.-arte*-.  <!>■  couverture  do  champ  a  partir  du  programme  SIMOB  (fig.  5.1). 

Nans  le  cadre  tie  S et ah  1 i ssement  d'un  reseau  cellulaire,  S exp  1 o i t a t i on  d’un  tel  modele  est  Interes- 
.ante  do  pi  us  i  ours  man  i  ores  : 


-  a  partir  d’un  site  d'emission  uux  carac t or i st i qucs  conmies  (position  et  hauteur  d'antenne, 
puissance  d ’ emi ss ion ) ,  determination  do  la  zone  do  couverture  a  differents  niveaux  de  champ 

-  roc i proquement  ,  a  partir  d’une  oortaine  zone  5  couvrir,  determination  des  carac t or i s t i ques  d'emis- 
.  ion  (puissant*1,  hauteur  d'antenne,...) 

niveaux  . 


dot  e  rm  i  nut  i  »>p  d> 


a  grande  distance  pour  permettre  la  reutilisation  dt  s  frequences. 


recepteur  utilise  etant  un  analyseur  de  spectre  A  mAmoire  numArique.  I.' Interface  du  capteur  de  distance 
declenche  les  acquisitions  et  fournlt  1 ' inf ormat ion  de  vitesse  du  vehicule  permettant  de  passer  de 
l'echelle  temporelle  A  l'echelle  spatiale. 

Scenario 

Le  vehicule  etant  place  dans  differentes  configurations  urbaines  (zones  fortement  masquees,  zones 
degagAes , . . .  )  avec  des  nlveaux  de  champ  moyen  divers,  une  acquisition  est  lancAe  pendant  une  duree  de 
500  ms,  au  cours  de  laquelle  sont  prAleves  1000  echantillons  sur  l'analyseur  de  spectre,  qui  sont  ensuite 
transferes  vers  le  calculateur  de  bord  et  stockes  sur  disquette.  Ces  mesures  sont  repetees  pour  diverses 
vitesses  du  vehicule. 


A  -  RESULTATS  OBTEKUS 

A . I  -  Mesures  a  grande  echelle 

Les  traitements  effectues  sur  les  mesures  A  grande  echelle  visent  d'une  part  A  definir  une  lol  de 
1 ' af f ai bl issement  en  fonction  de  1 ' eloignement  de  l'emetteur  et  du  recepteur,  d'autre  part  A  etudier  le 
phenomAne  de  variation  du  champ  due  aux  masques. 

La  loi  de  1 'af faibl issement  en  fonction  de  la  distance  se  presente  sous  la  forme  A(dB)=10  »  logD  +  ,J . 
D'apres  les  resultats  obtenus  jusqu'a  present,  la  valeur  de  <*  converge  vers  3,5  pour  Paris  intra-muros 
(fig.  A.l).  La  comparaison  avec  le  modele  d 'Okumura-Hata ,  decrit  au  chapitre  2,  est  trAs  sat isf aisante ,  du 
moins  dans  la  zone  urbaine  de  la  region  parisienne.  Cependant  des  mesures  effectuAes  sur  des  radlales  s'A- 
loignant  du  centre  de  Paris  vers  la  banlieue  mettent  en  evidence  les  remontees  du  champ  sur  les  collines 
situAes  A  la  Peripherie,  ou  lfon  se  rapproche  de  la  propagation  en  espace  libre,  puis  le  retour  A  une  pro¬ 
pagation  par  diffraction  . 


15?  1000  10000 

DISTANCE  (M) 


figure  A.l  :  Releve  des  moyennes  sur  l'emetteur  ARCHIVES 


Deux  approches  sont  envisages  pour  le  traitement  des  variations  locales  du  champ  en  fonction  des 
masques.  L'une,  A  caractAre  det ermini st e ,  est  decrite  au  chapitre  5.1.  L’autre  approche,  de  type 
statistique,  consiste  A  considArer  que  le  phenomAne  suit  une  loi  log-norraale  centree  d ' ecart-type  n  , 
qu'il  s'agit  de  determiner.  Les  calculs  de  correlation  avec  cette  loi,  effectues  sur  un  certain  nombre  de 
fichiers,  confirment  1'hypothose  du  type  de  loi,  avec  un  ecart  type  voisin  de  8  dB.  Ce  resultat  est 
utilise  pour  la  determination  d ' a  1 gor i thmes  de  controle  automatique  de  puissance  sur  les  liaisons 
bases-iiiobi  les . 

A  .  2  -  Me  s  ures  a  petite  Ach  e J_1  e 

Un  programme  realist  sur  mf crocalculateur  permet  de  verifier  la  validite  de  la  loi  de  Rayleigh  sur 
les  enreg i st rement s  effectues.  Dans  de  nombreux  cas,  ou  la  propagation  s’effectue  en  absence  de  trajet 
direct  ou  privllegie  (zones  de  non  visibilite),  cette  loi  donne  un  rAsultat  trAs  satisfaisant 
(rf  fig.  A.2-a).  Lorsqu'll  existo  un  axe  de  propagation  privllegie,  alors  le  resultat  des  mesures  s'ecarte 
assez  sens i bl omen t  de  cette  lof  (cf  fig.  A.2-b). 


.  I  -  Me  s a  re  s  a  g  r  ancle  ec  he  1 1  e 


Fig  B.  B  Synophque  du  sysfeme 
de  reception 


S  y  s 'leme_d  e  reception 

Le  synoptique  du  systcme  de  reception  est  donne  a  la  figure  3.3. 
Le  recepteur  utilise  permet  1 'arquisi  t  Ion  d 'eehant i 1  Ions  du  champ  local 
par  1  '  intermedia! re  d'un  bus  IERK  488.  L' interface  ent re  le  capteur  de 
distance  et  le  calculateur  fournit  3  ce  dernier,  outre  la  valeur  de  la 
distance  parcourue*  les  signaux  de  dec lenchement  permet tant  la  mesure  du 
champ  loc.il. 

Definition  des  trajets 

Trois  principes  sont  utilises  : 

-  mesures  sur  des  cercles  concent riques  des  emetteurs,  par  pas  de  1  km. 
On  obtlent  alors,  pour  une  distance  donnee  (rayon  du  cercle),  un  nuage 
de  points  (fig.  3.4-a) 

-  mesures  sur  des  radiales  passant  par  les  emetteurs.  On  obtient  alors, 

pour  un  ensemble  de  distances  3  1 ' emel tour ,  une  valeur  de  champ  par 

distance  (fig.  3.4-b) 

-  mesures  £  l'interieur  de  carres  de  section  300  m.  On  obtient  alors  un 
nuage  de  points  repartis  dans  une  tranche  de  distance  (fig*  3.4-c). 


a)  cercle  b)  radiale 

fig.  3.4  :  Resultats  suivant  le  type  de  fra  jet 


c)  carre 


In  trajet  etant  determine  selon  1 1  un  des  trois  principes  precedents,  le  vehicule  effectue  le 
par.  ours  en  enregistrant  les  echantillons  du  champ  et  la  distance  parcourue  pour  chaque  intervalle  de 
distance  programme.  Deux  frequences  d ' eehant i l lonnage  sont  utilisees  : 

r~  —  "  - -  -  acquisition  sur  un  seul  emetteur,  avec  un  releve  par  metre 

i  "  -  ""  -  acquisition  simultanee  sur  trois  emetteurs,  avec  un  releve  tons 

LABU  PGU  lcs  5  metres. 

v — | — ^  En  des  points  privilegies  du  parcours  (carrefours,  ponts,...)  et 

1 .  . 1  prevus  a  l'avance  1 'operateur  val  ide  son  prissage  au  moyen  d'une  touche 

T _ T  de  fonctlon  du  calcvil atevir  ,  ce  qui  permet tra,  lors  du  traitement  en 

laboratoire,  de  sc  recaler  sur  le  trajet  numerise.  Kn  fin  de  parcours 
PQRM0B  les  donnees  enregistrees  sont  stockees  sur  disquette  afin  d'etre 

transmises  u  1 1 er i eu rement  vers  le  centre  de  calcul  graph ique. 

Traitement  en  la  bora to i re 

MOB 

I.es  flchiers  de  donnees  acquises  sur  le  terrain  sont  transmis  vers 
*s-— — — le  centre  de  calcul  par  I  '  I  nt  ermed  i  a  i  re  d’une  liaison  serie  et  slockes 

1 -  j  dans  le  firluer  global  h  A  BO  (fig.  3.3).  Co  centre1  de  calcul  dispose 

prqph  q.jp  4~  TRAM09  !  d’une  base  de  donnees  Lopograph  i  ques  (fichier  R(T’)  contenant  un 

_  —— 1  repertoire  des  rues  do  PARIS  avec  lour  position  geographique  et  leur 

largeur  ent  re  Imneubles.  I.e  programme  permet  ,  a  partir  des  deux 

c!j  }  ■?.  ‘lumerisa  'On  ef  fiehlers  precedent  ,  la  numer  i  sat  i  on  tin  parcours  et  1  '  e  1  a  bora  t  i  on  du 

T  erner  de.,  rrp u  •  e ,  iirhir-r  global  MOD  qui  eontient,  pour  chaqoe  valeur  de  champ  mesuree,  sa 

p>»sit  ii/fi  eeog  rapb  i  que  et  sa  distune*  a  1  '  erret  t  eur  . 
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ire!;  a  p»-t  i  t  «-  m  ind  1  • 


DISCI  SSION 


I’.Monsen.  I  S 

A  theory  lo  explain  the  la  I  ye  i  nniltipath  spread  involves  the  el  feel  of  tile  foreground  on  the  antenna.  (  ould  you 
eoinmeitt  on  tins  theorx  and  on  the  foreground  used  in  \oiit  tests.1 

Vuthor's  Reply 

It  foreground  was  a  factor,  the  broader  beams  would  have  a  lamer  error  but  results  are  opposite  to  this.  f  orcaround  lor 
tests  was  not  especiallv  favourable. 


I.Boithias.  f  t 

(.fuels  soul  les  paramelres  radiometeoroloyiques  utilises  dans  les  methodes  ile  prevision  de  Ik-llo  et  I’usone? 

1  'utilisation  de  Ns  n  est  eertainement  pas  la  nieilleure  solution  —  I'influcncc  du  gradient  de  lindicc  vie  relracteur  vh  is  le 
v  nluine  a  - 1 -el  le  etc  etudiee  (ear  e'est  le  parametre  essentiel  pour  la  prevision  vies  attenuations). 

Xuthor's  Reply 

Stir  lace  refract i v  i l\  does  not  enter  either  the  Bello  or  I’usone  models.  Relractiv  ity  gradients  near  the  surface  are  implicit 
in  the  use  of 'an  effective  earth  rail  ius  factor  to  define  the  path  geometry  and  scatter  angles.  Ref  radix  ity  gradients  in  the 
common  scattering  volume  are  implicit  in  atmospheric  models  embodied  in  both  prediction  methods. 


1  .hint/  Christensen,  I  >e 

I’t  t  n  I  outs  ol  the  delay  spread  show  samples  every  H.b-f  sec.  and  there  seems  to  be  little  correlation  between  subsequent 
samples.  I  )o  you  know  the  correlation  time  (e.g.  the  sampling  time  which  will  give  almost  identical  response)?  In  other 
words  how  last  does  the  shape  change? 

Xuthor's  Reply 

\\  e  have  not  lookevl  specifically  at  the  autocorrelation  times  of  changes  in  shape  ol  the  delay  power  spectrum.  Variation 
ol  p<  iwer  summed  over  all  delay  taps  gives  a  measure  of  the  effective  flat  fading  rate.  Values  of  this  parameter  averaged 
alu  nit  ’  1 1/,  vv  ith  v  allies  of  about  (>  5  11/  exceeded  for  I time. 


X.. Schneider.  I  S 

I  foes  the  optimum  beam  elevation  depend  on  the  time  ol  year,  or  on  the  effective  earth's  radius? 

Xuthor's  Reply 

In  principle  the  calculated  optimum  beam  elevation  angles  involve  the  scatter  angle,  which  is  calculated  using  an 
effective  earth's  radius  which  changes  with  season,  so  that  optimum  beam  elevation  angles  do  depend  on  season.  I  have 
not  looked  at  the  sums  explicitly,  but  I  would  say  that  it  is  a  second  order  effect.  I  would  not  imagine  that  you  would  be 
avlv  ised  to  go  about  changing  the  beam  elevation  angles  with  season. 


DISC  l  SSION  <)l  SI  SSION  NIC 


l)r  Burgess.  Session  (  hairman 

I  >u  r uii;  l  lie  nlicrnonn  hav  e  covered  liei|ucneies  from  I II  .  2  —  at)  Mil/,  though  VI II  Him  Paper  Ui.  ‘Kin  Mil/  lor 
celliil.n  radio.  4  (  d  1/  lor  tioposcalter,  and  we  have  looked  at  7  (  d  I/.  I  )r  Palmei  indicated  that  there  aie  a  number  ot 
pi  edict  ion  programme',  t  h  it  could  he  used:  hav  e  we  got  am  comments  oil  w  hat  we  should  do  these  davs  beat  me  in  mind 
the  availability  ot  small  powerful  computers  which  could  he  used  to  implement  mam  ol  these  programmes  1 


Dr  Boithins 

I  o  have  v c i \  powet  lul  compulcis  is  a  verv  uscltil  and  neeessarv  coiuhlion.  hut  il  is  not  sufficient  because  we  have  to 
know  what  to  put  into  the  computer.  II  the  input  data  is  not  known,  the  most  heaunlul  computet  will  not  give  amthine 
ol  value  I  lie  piohlcnts  ol  picdiclion  programmes  are  that  we  do  not  know  the  start  inti  parameters. 


Dr  Palmer 

I  cuess  m  v  \  lews  dil  lei  sonic  w  hat  there.  I  agree  that  garbage  in  eat  have  out.  hut  I  think  that  enough  ol  the  input 
i  cpim  eii  tents  ate  known  that  otic  can  do  a  reasonable  model  line  job  given  a  sulfieientlv  good  basic  model  to  put  into  the 
computet .  I  mean  that  one  can  model  dit fraction  losses  over  multiple  obstacles  taking  account  of  the  shape  or  at  least 
the  ravin  ol  cut  vat  lire  ol  these  obstacles.  ( )ne  can  studv  the  effect  ol  obstructed  I  resnel  /ones  below  the  line  of  sight, 
one  can  develop  tcchnu|ucs  lor  summing  the  losses  from  these  various  obstacles  which  is  one  ol  the  most  difficult 
pioblems  I  hese  are  computalionallv  intensive  problems  which  can  be  attacked  with  modern  computing  methods. 

I  low  cv  ei .  one  still  needs  a  suitable  set  ol  measurements  with  w  liich  to  compare  tile  results  ol  the  modelling.  In  the  work 
that  I  was  associated  w  ith  one  ol  the  difficulties  was  in  fact  getting  data,  we  carried  out  some  field  measurements  of  our 
own.  because  w hen  vou  look  through  published  records  vou  find  that  almost  invariablv  there  is  something  missing. 

I  tide  may  be  a  measurement  of  path  loss,  but  there  may  be  no  explicit  description  ol  the  foreground,  clutter  or  trees, 
tree  density.  whatever,  and  vou  find  that  vou  need  to  know  that.  So  I  would  say  that  my  belie!  is  that  vou  can  do  a  better 
|ob  than  is  common  I  v  done.  ( )bv  iotisly  it  is  an  exponential  tv  pe  ol  aeliv  itv  lot  r  v  and  get  these  last  few  dBs;  tliev  cost  you 
more  and  more  computing  power,  and  you  get  to  a  point  w  here  no  model  can  do  any  better:  simply  you  cannot  lake 
ev  cry  small  detail  into  account.  Mill  I  believe  that  it  is  in  the  order  ol  h  or  HI  vllf  standard  dev  inlion  rather  than  2(1  to  3(1 
dH.  Incidentally .  I  would  just  like  to  point  out  a  common  error  that  is  made  concerning  line  of  sight  sv  stems,  which  is  to 
assume  that  if  a  path  has  optical  line  ol  sight  it  is  free  space.  1  Helical  situations  at  V!  11-  are  such  that  it  is  very  rare  to 
1 1 nil  a  tree  space  path  because  the  I  resnel  /ones  are  almost  invariably  obstructed.  Ill  such  eases  it  is  nccessan  to  do  a 
small  amount  ol  modelling  w  Inch  will  ccrlainlv  improve  the  results. 


C  Sill- I 
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The  five  papers  ineluded  in  Session  III  described  a  wide  range  of  channel  simulation  activities. 

Paper  1  2  by  I  loltzman  and  Shanmugan  presented  an  overview  of  digital  simulation  techniques  for  communications 
channels.  The  authors  described,  in  general  terms,  the  rationale  for  channel  simulation  and  widely  applicable  channel 
models;  modelling  of  frequency-selective  fading  and  wideband/spread-spectrum  paths  was  stressed.  Finally  an  example  of 
the  application  of  simulation  to  an  IT  IF  communication  system  was  discussed. 

Paper  22  by  Ploffmeyer  and  Hartman  surveyed  models,  realisations  and  new  concepts  for  the  simulation  of  line-of-sight 
microwave  channels.  The  emphasis  in  this  paper  was  on  the  use  of  an  RF  path  simulation  for  the  comparative  testing  of 
complete  radio  systems  already  implemented  in  hardware  form. 

In  paper  23  by  Klinker  and  Pietersen,  the  authors  considered  the  use  of  simulation  in  the  evaluation  of  the  performance 
of  one  particular  element  of  an  electromagnetic  system,  namely  adaptive  antenna  systems  for  reception  of  Navstar  GPS 
transmissions.  The  performance  of  the  antennas  was  examined  under  simulated  battlefield  conditions  with  specified  ECM 
threat  levels. 

The  topic  of  HP  path  simulation  for  RTCE-based  systems  was  discussed  by  Dawson  in  Paper  24.  In  particular,  the 
requirements  for  a  realistic  simulation  of  the  effects  of  co-channel  interfering  signals  was  identified.  In  practice,  in  certain 
operational  zones,  it  is  interference  rather  than  propagation  which  limits  HF  system  performance. 

Paper  25  by  Bouidene  and  Vandamme  returned  to  the  topic  of  linc-of-sight  digital  radio  channel  simulation.  The 
simulator  described  effectively  reproduced  conditions  measured  and  recorded  from  a  real  LOS  link.  Again,  emphasis  was 
placed  upon  the  need  to  simulate  selectively-fading  wideband  channels. 

The  major  discussion  topics  raised  during  Session  III  were: 

(i)  the  merits  of  mathematical  and  physical  channel  models  and,  in  particular,  the  advantages  and  disadvantages  of 
the  Rummler  model; 

(ii)  roles  for  channel  simulators;  w  hilst  the  session  papers  concentrated  upon  the  use  of  simulators  as  system  design 
aids  and  for  equipment  evaluation,  a  requirement  for  simulation  as  a  form  of  operation  training  was  also  identified. 

It  would  appear  that  the  development  of  simulators  for  specific  channel  types  is  relatively  far  advanced.  However,  there 
are  several  aspects  of  electromagnetic  system  design,  having  a  significant  influence  on  overall  performance,  which  are  not  yet 
simulated  adequately;  these  include; 

—  network  operation 

—  the  effects  of  ECM  activity 

—  ECM  constraints  (particularly  for  mobile  platforms) 

—  the  effects  of  non-linearity 

—  the  effects  of  co-channel  interference  (most  important  in  HF  systems). 
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SUMMARY 

Improved  characterization  of  the  propagation  channel  is  required  in  the  simulation  of  wideband 
communication  systems.  In  this  paper,  we  review  some  of  the  popular  channel  models  that  are  currently  in 
use  and  discuss  their  capabilities  and  limitations.  One  major  shortcoming  of  these  models  is  the  way  in 
wv  ich  they  are  most  often  used  to  calculate  transmission  losses  at  a  single  frequency;  neglecting  the 
f ]uency  and  time  dependency  of  the  various  propagation  phenomena.  We  propose  a  tapped  delay  line  model 
w : t  n  time  varying  tap  gains  as  the  qeneric  simulation  model  for  propagation  channels  and  show  how  this 
model  can  be  used  to  analyze  the  effects  of  gaseous  absorption  and  dispersive  refraction  of  moist  air  at 
microwave  frequencies. 


INTRODUCTION 

Simulation  of  communication  systems  has  been  widely  employed  for  many  years.  For  the  most  part, 
specific  models  were  generated  for  each  application  or  system.  With  the  advent  of  satellite  systems, 
several  powerful  qeneric  models  were  created  that  could  be  made  system  specific  in  a  user/interactive 
mode.  More  recently,  these  qeneric  simulation  systems  have  been  developed  to  predict  performance  for 
terrestial  (both  fixed  point  to  point  and  mobile)  and  airborne  systems.  With  the  increased  emphasis  on 
wide  band  systems,  attention  has  been  focused  on  the  adequacy  of  the  channel  model.  We  will  first,  very 
briefly  examine  some  of  the  uses  of  the  simulation  systems,  to  gain  an  understanding  of  the  complexity  of 
the  problem.  We  then  review  some  of  the  most  popular  of  the  current  channel  models.  Finally  we  examine 
a  few  of  the  wideband  models  which  include  the  frequency  dependence  of  the  amplitude  and  phase  of  the 
channel  transfer  function  and  present  some  new  results  for  an  EHF  channel. 

Simulation  of  communication  systems  is  receiving  increased  attention  as  a  viable  and  reliable  method 
of  predicting  performance  for  complex  systems.  Moreover,  many  of  the  processes  involved  in  the  analysis 
and  prediction  of  performance  of  communication  systems  cannot  be  described  in  an  analytic  form.  For 
example,  nonlinear  channels  or  receivers  can  only  be  evaluated  by  simulation  employing  stochastic 
modeling.  Simulation  is  not  a  new  tool  to  communication  engineering.  In  fact,  the  prediction  models 
used  to  determine  siting,  fading,  and  diversity  effects  are  examples  of  very  specific  simulation  models. 
As  satellite  channels  became  more  sophisticated,  so  did  the  simulation  systems  [1],  [2],  [3],  [4].  These 
simulation  systems  are  generally  characterized  by  a  reconf igurable  block  diagram  approach.  That  is,  with 
varying  degrees  of  user-friendly  interactive  sessions,  a  communication  system  is  specified  block  by  func¬ 
tional  block.  The  user  defines  modulation  types,  filters,  channel  models,  receivers,  etc.  Usually  a 
random  signal  is  generated  as  the  data  stream,  with  various  outputs  generated  in  the  time  and  frequency 
domain,  to  describe  the  system  performance. 

Simulation  systems  as  noted  above,  have  found  wide  acceptance  in  increasingly  more  sophisticated 
environments.  For  example,  the  Kansas  Interference  Prediction  System  (KIPS)  (4]  is  planned  for  use  ir. 
spectrum  management  and  network  performance  evaluations  by  the  U.S.  Army.  The  U.S.  Air  Force  purchased  a 
system  known  as  Interactive  Communications  Simulation  System  (ICSSM)  (3]  to  aid  in  the  evaluation  of  Air 
Force  Systems.  SYSTID,  designed  and  implemented  by  Hughes  Aircraft  Co.,  has  been  used  by  Hughes,  Bell 
laboratories  and  others  to  evaluate  satellite  links  and  to  evaluate  the  performance  of  new  modems.  Lee 
and  Smith  [5],  report  on  a  simulation  model  which  incorporates,  among  other  features,  a  statistical 
deployment  of  transmitters  and  receivers.  They  list  three  objectives  of  simulation  models  which  are 
repeated  here  to  set  the  stage  for  the  discussion  of  channel  models.  " ...1)  to  obtain  design  decisions 
from  statistical  data;  2)  to  demonstrate  the  feasibility  and  [practicality]  of  complex  systems  in  a 
simulated  "real  world"  environment;  3)  to  allow  comparative  evaluations  of  alternative  desiqn  approaches 
even  when  absolute  data  are  not  available."  Clearly,  the  accurate  representation  of  each  block  is 
critical  to  the  overall  accuracy  of  the  simulation  system. 

Each  of  the  referenced  simulation  systems,  has  been  applied  to  spread  spectrum  systems  as  well  as 
other  wideband  modulation  systems  with  relatively  good  success.  However,  as  the  environments  have  become 
more  complex,  researchers  have  begun  to  focus  attention  on  the  adequacy  of  the  channel  model.  The  early 
applications  of  the  various  simulation  systems  were  mostly  concerned  with  relatively  narrow  band  systems 
where  the  frequency  selectivity  of  the  channel  could  be  safely  ignored.  Hence,  the  channel  model  essen¬ 
tially  consisted  of  a  single  point  calculation  of  path  attenuation  (fading  margin)  caused  by  absorption, 
refraction,  multipath,  reflection  as  well  as  just  the  free  space  path  loss.  Giqer  and  Barnett  [6],  have 
stated  that  "it  is  meaningless  to  speak  jf  the  traditional  flat  fade  margin  in  digital  radio  systems." 
They,  Bloomquist  and  Norbury  [7]  ,  Rummler  [B]  among  others  have  observed  that  the  frequency  selectivity 
of  the  channel  results  in  severely  degraded  performance  due  to  intersymbol  interference,  a  degradation  in 
excess  of  that  predicted  by  simple  sinqle  point  attenuation  calculations.  Bougusch,  Guigliano  and  Knepp 
(9]  have  performed  an  extensive  analysis  of  direct  sequence  PN  systems,  noting  the  effect  of  frequency 
splprt-ive  scintillation  on  carrier  and  code  tracking.  A  major  effort  is  required  to  improve  the  channel 
modeling  in  simulation  systems  if  they  are  to  be  an  accurate  representation  of  the  communications 
environment,  producing  reliable  and  useful  predictions. 


BACKGROUND  OF  CHANNEL  MODELING  FOR  SIMULATION 


Proak s  [10]  has  an  excellent  overview  of  the  channel  modelinq  problem.  He  defines  a  statistical 
represents!  n  of  the  time  varying  multipath  channel  in  terms  of  an  impulse  response  and  transfer 
f unct ion  as 

F 


h(T,t)  -  H(  f , t ) 


(D 


t  is  the  observation  time 

r  is  the  delay  time  and  is  a  random  variable 

f  is  the  frequency  variable  with  respect  to  t  and  is  a  random  variable 

F  is  the  Fourier  Transform 


Several  correlations  functions  are  then  derived.  Making  use  of  the 
scattering  channels,  the  correlation  functions  of  the  impulse  response  depend 
At  and  the  correlation  function  for  the  transfer  function  depend 
difference  Af,  the  respective  correlation  functions  are 


fact  that  for  uncorrelated 
only  on  the  time  difference 
only  on  the  frequency 


<p.  (i,At)  =  "average  power  out  as  function  of  delay  and  time  difference" 

t,(T)  =  't>.  (  T  ,  A  t=0  ) 

h  h 

=  "delay  power  spectrum" 


(2) 

(3) 


>  (Af,At)  =  "spaced-f requency  spaced  time  correlation  function  of  channel 

=  fH<Af,  At  =  0) 

=  mhd)} 


(4) 

(5) 

(6) 


where  p  (  )  is  the  correlation  function  of  statistical  channel  impulse  response  or  $  (  )  is 
correlation  function  of  the  statistical  channel  transfer  function.  The  observation  in  Eq.(61  permits  a 
duality  relationship  to  be  expressed  as 


Af  -  1/T 
c  m 


(7) 


where 


Af  -  "coherence  bandwidth  of  channel" 


Tn  -  effective  duration  of  delay  power  spectrum,  i.e.,  length  of  non-zero  cross 
correlation  of  received  pulse  with  itself 


Now  the  observation  time  dependence,  that  is  the  time  dependence  of  the  multipath  channel  causes 
effectively  a  Doppler  broadening  due  to  the  changing  delay  on  a  sinqle  path  for  a  sinqle  frequency.  This 
permits  the  definition  of  the  Fourier  Transform  of  the  spaced  frequency  space  time  correlation  function 
to  be  interpreted  as  follows: 


Sf(<Af  ,A  )  -  Kf  tHCAf  ,At)} 


(8) 
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=  SH(Af-0,X> 

-  Kf*H(AC)) 

=  "Doppler  power  spectrum  of  channel" 


(9) 


Auavn  we  can  make  use  of  the  inverse  Fourier  Transform  rel.it ionship  to  obtain  a  duration-bandwidth  spread 


At 


»  1  /H 


(10) 


At  -  coherence  time  of  the  channel 

H  j  =  effective  bandwidth  of  Doppler  spread  of  channel 

Pr oak  is  goes  on  to  define  a  two  dimensional  Fourier  Transform  of  the  spaced  frequency  space  time 
correlation  function  as  the  "scattering  function  of  the  channel"  which  presents  a  good  graphical  inter¬ 
pretation  of  the  time  varying  channel.  However,  we  nave  at  this  time  all  the  necessary  concepts  and 
parameters  to  establish  the  frequency  selective  and  time  varying  properties  of  the  multipath  propagation 
med i urn . 

If  the  information  signal  has  a  symbol  or  signaling  rate  less  than  the  coherence  time  of  the 
channel,  then  we  have  effectively  a  single  attenuation  per  symbol  or  slow  fading.  If  the  information 
signal  bandwidth  is  less  than  the  coherence  bandwidth  of  the  channel,  then  we  are  faced  with  a  non- 
f requency  selective  channel  that  may  be  slow  or  Fast  fading.  on  the  other  hand,  if  the  signal  bandwidth 
exceeds  the  coherence  bandwidth  as  is  the  case  in  most,  digital  signaling  schemes  and,  of  course,  spread 
spectrum  systems,  then  we  have  a  frequency  selective  channel  with  either  slow  or  fast  fading.  Without 
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much  difficulty  many  authors  have  shown  that  the  frequency  selective  channel  can  be  modeled  as  a  tapped 
delay  line  with  time  varying  tap  gains  [It]*  We  shall  explore  this  in  a  later  section. 

CHANNEL  MODELS  FOR  NON-FREQUENCE  SELECTIVE  SLOW  FADING  CHANNELS 

Crane  [12]#  gives  a  good  overview  of  the  various  propagation  effects  causing  signal  degradation.  He 
discusses  such  phenomena  as  molecular  absorption#  refraction  by  the  variable  index  of  refraction  of  the 
atmosphere#  scattering  by  particles  such  as  rain#  snow,  ice#  etc.,  scattering  by  turbulence,  and  multi- 
path.  Each  of  the  phenomena  is  treated  from  a  point  of  view  of  non- frequency  selective,  slow  fadinq, 
although  fast  scintillation  and  some  frequency  dependence  is  indicated. 

The  most  basic  of  the  channel  model  calculations  is  simply  the  free  space  path  loss  caused  by  the 

beam  spreading  and  receiving  aperture.  The  fundamental  relationship  for  the  path  loss  is 

Lps  =  (  4n  R/X  )  2  (11) 

which  can  be  put  in  a  more  convenient  form  for  link  calculations  as 

Lrc(db)  =  92.44  +  20  log  R.  +  log  f_„  (12) 

Lid  KlH  (jnZ 

This  can  be  randomized  to  account  for  variable  placement,  but  it  is  usually  not  worth  the  effort. 
In  a  strictly  additive  channel  and  linear  receiver,  the  free  space  path  loss  is  usually  omitted  as  only 
the  S/N  ratio  at  the  input  to  the  receiver  is  of  importance.  If  the  receiver  front-end  is  nonlinear, 
then  it  should  be  included.  The  excess  attenuation  caused  by  the  phenomena  described  by  Crane  and  others 
are  then  calculated  to  determine  the  flat  fade  margin  and  should  be  included  in  accurate  simulation 
modeling. 

Probably  the  most  familiar  propagation  prediction  is  that  for  rain  attenuation.  Much  research  has 

gone  into  the  problem  of  calculating  fading  statistics  for  rain  attenuation  based  on  rainfall  rates  drop 

size,  etc.  One  of  the  most  popular  models  is  described  by  Olsen,  Roqers  and  Hodge  [13].  The  relation¬ 
ship 

H  --  aRb  (13) 

gives  the  attenuation  per  unit  distance.  The  parameters  a  and  b  are  tabulated  as  regressions  from  exten¬ 
sive  sets  of  experimental  data  as  well  as  theoretical  scattering  models  and  are  in  turn  parameterized  by 
frequency#  drop  size  and  rain  temperature.  The  later  two  parameters  are  found  from  average  meteoro¬ 
logical  data  usually  in  three  months  cycles  for  various  areas.  For  polarization  re-use  or  diversity 
channels,  Fq.(l3)  should  be  modified  as  suggested  by  numerous  researchers  and  reported  in  [14].  Hori¬ 
zontal  polarization  suffers  a  higher  loss  than  does  vertical  polarization,  an  effect  which  increases  with 
frequency. 

For  transmission  in  the  "atmospheric  windows,"  most  channel  models  omit  any  calculation  of  excess 
loss  due  to  absorption.  However,  certain  systems  are  predicated  upon  operation  in  or  near  absorption 
hands.  For  narrow  band  transmissions,  that  is  when  the  siqna1  bandwidth  is  less  than  the  channel  coher¬ 
ence  bandwidth  (rarely  the  case  for  digital  transmissions  in  or  near  the  absorption  bands)#  attenuation 
modifications  to  the  origins 1  ly  published  data  have  been  suggested  but,  as  will  be  discussed  in  a  later 
section,  the  phenomena  is  almost  assuredly  frequency  selective  and  thus  refinements  to  the  basic 
calculation  are  not  warranted  for  simulation  of  communication  systems. 

The  most  important  of  the  degradation  effects  are  those  attributed  to  multipath.  Currently,  the 
most  used  "total"  or  inclusive  model  is  the  Irregular  Terrain  Model  (ITM)  better  known  as  the  Longley- 
Rice  model.  Chamberlin  and  Luebbers  (15,16]  give  a  good  summary  of  that  model  while  proposing  a  suppl¬ 
emental  model,  the  Geometric  Theory  of  Diffraction  (GTD)  model.  The  ITM  model  has  many  extensions, 
however,  it  basically  calculates  attenuation  for  a  path  provided  either  directly  by  the  user  or  from 
profiles  calculated  from  a  digital  terrain  data  base.  The  model  assumes  only  gross  characteristics  about 
the  terrain,  that  is,  three  or  so  classes  of  terrain  irregularity  (roughness),  and  complex  terrain 
reflectivity.  The  ITM  considers  three  basic  cases,  line  of  sight,  diffraction,  that  is  blockage  exists 
but  the  "shadow  is  not  deep,  and  scattering,  when  the  antennas  are  physically  deeply  obscured  but  are 
electrically  visible  to  each  other  by  virtue  of  forward  scatter.  A  sinqle  multipath  is  calculated  in  the 
line  of  sight  mode  based  on  the  geometry  of  antenna  heiqhts  and  the  path  profile.  The  model  is 
reasonably  accurate,  is  fairly  computationally  efficient  and  has  been  widely  used  with  satisfactory 
resu Its. 


When  a  good  description  of  the  terrain  is  available#  Chamberlin  and  Luebbers  [15]  have  proposed  a 
Hucii  more  precise  model  based  on  the  geometrical  theory  of  diffraction.  Fourteen  classes  of  multipath 
rv/s  are  calculated  for  various  combinations  of  diffraction  and  reflection.  However,  since  the  CTD  model 
is  also  non-frequency  selective  it  would  seem  to  have  margiral  value  for  the  more  sophisticated  diqital 
and  spread  spectrum  systems. 

FREQUENCY  SELECTIVE  MODELS 

As  was  mentioned  earlier  and  noted  by  many  authors  in  the  past  several  years,  the  purely  fading# 
non-frequency  selective  channel  model  is  not  adequate  to  characterize  the  channel  for  most  diqital 
signaling  and  especially  for  spread  spectrum  systems.  Giqer  and  Barnett  [6]  noted  that  at  a  received 
signal  level  ( RSU  of  only  some  19dB  below  nominal#  the  hit  error  rate  (BER)  exceeded  the  thresh lold  of 
in-operability  defined  as  (10*^)  for  a  given  link.  The  nominal  fade  margin  had  been  calculated  as  -41dB 
for  the  same  threshhold.  Tntersymbol  interference  caused  by  the  frequency  selective  behavior  of  the 
channel  is  the  culprit,  which  is  in  turn  caused  by  the  frequency  dependent  behavior  of  the  various  delays 
in  a  multipath  situation.  Bou<msoh,  nt  al.  f9],  studied  the  effects  of  Ionospheric  irregularities, 
resulting  in  frequency  selective  sci nt i 1 1  at i on  for  satellite  links.  Pickering  and  Bello  [16]  constructed 


an  elaborate  theory  for  frequency  dependent  multipath  caused  by  steep  changes  in  the  refractive  index  of 
the  atmosphere.  We  will  restrict  the  discussion  in  this  paper  to  three  studies  which  have  resulted  in 
models  that  are  readily  implemented  in  a  simulation  environment. 

For  reasons  such  as  increased  bandwidth,  security,  spectrum  crowding  at  lower  frequencies,  etc., 
interest  in  EHF  (30-30  GHz)  channels  has  resulted  in  more  detailed  studies  of  the  frequency  selective 
behavior  of  the  absorption  phenomena.  Liebe  [17,18]  has  developed  a  most  useful  model  which  was 
implemented  at  the  Telecommunications  and  Information  Sciences  Laboratory  at  the  University  of  Kansas. 
Results  are  reported  in  section  V.  The  model  proposed  by  Liebe  is  relatively  straightforward,  at  least 
in  form  and  is  given  below. 

H ( f )  =  H  exp [ 3  0.02Q96  f  (106  +  N)L]  (14) 

o 

N  =  Nq  +■  D(f )  +  jN"( f )  (15) 

where 

H(f)  =  channel  transfer  function 

H  =  constant  determined  from  table  look  up 

o  r 

N  »  complex  refractivity  in  parts  per  million 

Nq  =  frequency  independent  refractivity 
D(f)  =  refractive  absorption 
N"(f)  =  absorption 
L  =  distance  in  Km 

The  values  of  the  parameters  have  been  determined  from  a  wealth  of  theoretical  studies  and  experi¬ 
mental  data,  and  tables  of  these  parameters  are  given  in  [17].  The  tables  are  generated  from  two 

computer  programs  which  compute  the  parameters  from  inputs  such  as  the  pertinent  resonance  lines,  the 

pressure,  temperature  and  humidity  and  the  altitude.  The  physical  explanation  of  the  process  is  fairly 
complex.  Essentially,  the  frequency  dependence  arises  from  an  overlapping  of  the  spectral  lines  far  from 
the  peak  absorption  of  a  given  line,  thus  forming  a  complex  overlapping  spectra.  While  not  without  its 
detractors,  the  Liebe  model  has  been  noted  to  give  results  in  close  agreement  with  actual  observations 

and  thus  serves  as  a  good  state  of  the  art  channel  model  for  simulation  today.  For  earth  to  satellite 

paths,  Hoppen  [20]  gives  an  empirically  derived  equation  for  N,  the  complex  refractivity.  To  our 

knowledge,  this  model  has  not  been  extensively  validated. 

Rummler  [8]  has  taken  a  different  approach  to  modeling  the  frequency  selective  behavior  of  multi- 
path.  Without  specifying  the  source  of  the  reflections  of  the  multipaths,  he  has  used  a  sophisticated  s- 
plane  analysis  of  the  pole  and  zero  location  of  the  transfer  function,  coupled  with  a  statistical 

approach  to  the  location  of  the  poles  in  one  event  period  to  arrive  at  the  frequency  transfer  function 

given  below. 

H(f)  =  a  [1  -  b  exp( +  j  2  u  (f-fc>2)!  (16) 

where 

a  =  scale  factor 

b  =  shape  factor 

fQ  =  frequency  of  fade  minimum 

t  =  constant  determined  from  experimental  data 

He  stresses  that  no  physical  significance  can  be  attributed  to  t.  In  [21],  Rummler  gives  a  statis¬ 
tical  approach  to  determine  a,  b,  and  for  given  channels.  The  model  has  been  applied  to  several  links 
where  a  great  amount  of  statistical  propagation  data  is  available.  Predicted  results  agree  very  well 
with  the  observed  BER.  Geiger  and  Barnett  [6]  have  used  the  validated  model  to  predict  outages  on  digi¬ 
tal  links  due  to  the  excess  intersymbol  interference,  developing  a  modified  figure  of  merit.  They  also 
propose  a  method,  based  on  the  Rummler  model  for  establishing  an  equipment  signature.  However,  at  this 
time,  unless  a  significant  amount  of  statistical  propagation  data  is  available  to  estimate  a,  b,  and 
r,  this  model  would  seem  to  have  limited  utility  in  simulation  systems  although  its  analytical  simpli¬ 
city  suggests  it  be  further  explored. 

The  third  approach  to  frequency  selective  channel  modeling  we  will  discuss,  possibly  holds  the 
greatest  promise  for  simulation  systems.  Sass  [22]  reports  on  a  measurement  program  undertaken  by  the 
U.S.  Army.  The  problem  of  mobile  communications  with  spread  spectrum  systems  in  vegetated  terrain,  with 
transmitters  and  receivers  in  motion,  with  antennas  in  less  than  ideal  locations  is  indeed  complex. 
Wideband  instantaneous  measurements  clearly  show  that  the  flat  fading,  that  is  non-frequency  selective 
model,  is  a  very  inadequate  representation  of  the  channel  model.  This  measurement  program  should 
generate  a  rich  data  base  of  statistical  channel  impulse  response  functions-  As  noted  earlier,  the 
frequency  selective  channel  can  readily  be  modeled  as  a  tapped  delay  line,  with  tap  gains  modeled  as 
stationary  random  processes  for  fast  fading  channels  and  constants  for  snapshots,  that  is,  intervals  of 
slow  fading  statistics. 

Although  it  is  not  clear  at  this  time  how  each  of  the  several  frequency  selective  models  should  be 
combined  when  more  than  one  process  is  at  work,  it  should  be  possible  to  use  the  tapped  delay  line  model 
to  implement  the  Rummler  model  when  the  channel  and  receiver  are  both  linear  since  absolute  power  levels 
are  not  important.  There  is  enough  propagation  data  to  estimate  the  tap  gains  both  for  fast  and  slow 
fading.  One  approach  would  seem  to  be  the  use  the  ITM  model  to  predict  the  extremes  of  the  absolute  CW 
fades  for  a  given  terrain  to  determine  the  transfer  function  constant  and  then  use  the  general  shape  of 
the  Rummler  model  or  an  average  impulse  response  from  the  data  Sass  reports.  Clearly,  this  is  an  area  of 
active  research  needed  for  simulation. 


For  purposes  of  simulation,  the  frequency  selective  and  time  varying  effects  of  the  propagation 
channel  can  be  represented  by  a  tapped  delay  line  filter  shown  in  Figure  1  [231  .  The  o^put  of  the 

filter  is  related  to  the  input  by 

y(t)  =  C  x ( t  +MT  )  + -  +  C  x(t)  +  ....  +  C  x(t-MT  >  (17) 

— M  S  O  Ms 

where  Tg  is  the  sampling  time  and  Cj's  are  the  tap  gains.  The  transfer  function  of  the  filter,  which 
approximates  the  channel  transfer  function,  can  be  obtained  as 

M 

H(f)  -  Ex ( - j  2  f  MT  )  [  £  C  Exp(-2x jfmT  )]  (18) 

S  m=-M  ”  S 

F.q.(18)  shows  that  the  tap  gains  of  the  filter  can  be  obtained  from  the  Fourier  series  representation  (or 
from  the  FFT)  of  the  channel  transfer  function.  By  allowing  the  tap  gains  to  vary  as  a  function  of  time, 
the  time  variations  of  the  channel  response  can  be  easily  simulated. 

EXAMPLE :  SIMULATION  OP  FREQUENCY  SELECTIVE  ABSORPTION 

In  1981  Liebe  proposed  a  model  for  calculating  the  attenuation  and  phase  of  radio  waves  propagating 
through  moist  air.  In  this  model  (given  in  Eqs.(14  and  15)),  the  complex  refractivity  of  moist  air  is 
character ized  by  a  frequency  dependent  component  which  leads  to  dispersion.  When  a  wideband  digital 
signal  is  transmitted  over  this  channel,  the  dispersion  introduces  intersymbol  interference  (ISI)  result¬ 
ing  in  a  degradation  in  the  system  performance.  We  have  evaluated  the  extent  of  this  degradation  for  a 
QPSK  system  using  diqital  simulation  of  the  signals  and  the  channel. 

In  our  simulation,  a  QPSK  signal  with  a  carrier  frequency  in  the  range  of  30-50  GHz  is  bandpass 
filtered  and  transmitted  over  an  atmospheric  channel.  The  transfer  function  of  the  channel,  as  qiven  by 
the  Liebe  model,  is  implemented  by  a  tapped  delay  line  filter  whose  tap  gains  are  obtained  from  the  FFT 
of  the  sampled  values  of  the  transfer  function-  Assuming  that  the  receiver  input  consists  of  the  channel 
output  plus  additive  Gaussian  noise,  the  system  performance  as  measured  by  the  bit  error  probability  is 
computed  analytically  [23]  using  the  signal  plus  ISI  values  generated  during  the  simulation.  In  order  to 
obtain  a  statistically  accurate  ISI  distribution,  a  long  sequence  of  random  binary  digits  is  used  as  the 
input  to  the  system.  The  sequence  length  is  chosen  to  ensure  that  the  estimate  of  the  ISI  distribution 
has  a  small  variance. 

Results  of  the  simulation  showing  the  performance  degradation  due  to  the  frequency  selective  nature 
of  the  channel  are  shown  in  Figures  2  to  4.  The  attenuation  and  dispersion  of  the  channel  is  shown  in 
Figure  2,  followed  by  an  eye  diagram  showing  the  ISI  generated  by  the  channel  in  Figure  3  and  the  perfor¬ 
mance  degradation  as  a  function  of  carrier  frequency,  bandwidth,  and  link  length  in  Figure  4.  The  losses 
shown  in  Figure  4  will  have  to  be  added  to  the  link  budget  in  order  to  account  for  the  dispersive  nature 
of  the  channel. 

Simulation  results  shown  in  Figure  4  indicate  that  for  short  EHF  links  (<1km),  the  degradation  is 
relatively  constant  till  the  carrier  frequency  exceeds  45  GHz.  Beyond  45  GHz,  the  refractive  dispersion 
increases  rapidly  due  to  absorption  line  in  the  viscinity  of  60  GHz.  There  are  some  systems  being 
considered  for  covert  operations  in  the  frequency  range  near  50  GHz  and  our  simulations  indicate  that  the 
increase  in  transmitted  power  required  to  overcome  the  dispersion  in  the  channel  is  significant  in  the 
frequency  range  near  50  GHz. 

SUMMARY  AND  CONCLUSIONS 

Simulation  plays  a  very  important  role  in  the  analysis  and  design  of  communication  systems.  The 
accuracy  and  usefulness  of  simulation  results  depend,  to  a  large  extent,  on  the  accuracy  with  which  the 
various  functional  blocks  in  the  communication  system  including  the  propagation  channel  are  character¬ 
ized.  In  this  paper  we  reviewed  the  propagation  models  that  are  currently  in  use  and  point  out  their 
usefulness  and  limitations.  We  discussed  the  need  for  more  accurate  characterization  of  the  frequency 
selective  and  time  varyinq  nature  of  the  propagation  effects.  An  example  of  how  to  model  an  atmospheric 
channel  at  EHF  channel  was  presented  and  simulation  results  using  the  model  were  also  given. 

As  we  attempt  to  design  very  wideband  systems  for  operation  in  complex  environments  it  has  become 
clear  that  adequate  models  and  data  do  not  exist  for  accurate  characterization  of  the  frequency  dependent 
propagation  effects  at  these  frequencies.  This  is  an  area  in  which  a  significant  amount  of  theoretical 
as  well  as  experimental  work  will  be  needed  over  the  next  decade. 
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DISCISSION 


.(.Aarons,  I  S 

What  account  is  taken  of  ionospheric  irregularities  in  your  model? 


Author's  Reply 

In  the  paper  we  discuss  some  of  the  models  lor  ionospheric  irregularities,  hut  we  did  not  use  them  in  any  ot  the 
simulation:  since  discussions  about  their  acceptability  arc  still  taking  place  it  would  have  been  premature. 


W.F.l  tlaut,  l!S 

Che  results  given  lor  5(1  (ill/  simulation  were  based  upon  the  l.iebe  model  which  docs  not  include  multipath. 
Therefore,  the  results  show  the  inherent  limitations  imposed  by  the  atmospheric  water  vapour  and  oxygen  line  line 
structure  and  multipath  could  degradate  performance  even  further.  Is  that  correct? 

Author’s  Reply 

Quite  correct;  in  terrestrial  application,  frequency  selective  multipath  would,  our  preliminary  studies  show,  produce 
significant  additional  degradation. 


l..Boithias.  hr 

(Editor's  translation) 

Who  is  the  client  for  vour  model?  In  order  to  make  a  model  it  is  necessary  to  decide  on  the  nature  of  the  link.  e.g. 
terrestrial  or  satellite,  on  the  percentage  of  time  of  interest,  e.g.  50%,  50%  or  99.99%.  and  on  the  frequency,  hor 
terrestrial  links  multipath  is  a  very  important  factor,  hut  is  not  included  in  your  model. 

Author's  Reply 

I  he  models  we  worked  on  at  Kansas  are  generic  models  that  can  be  used  in  a  variety  of  situations,  including  ground- 
ground  and  air-ground  by  selecting  the  appropriate  modules  from  the  library.  The  work  was  sponsored  bv  the  USAK  at 
Rome  Air  Development  Centre.  The  reason  we  did  not  look  at  multipath  beyond  using  the  ITM  model  is  that  as  yet  we 
don't  have  the  proper  data  to  implement  a  Rummler  type  of  model. 
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SUMMARY 


The  need  for  channel  simulation  becomes  apparent  when  one  considers  the 
complexity  of  analytically  evaluating  digital  radio  performance  or  the  difficulty  and 
expense  in  field  testing  digital  radios.  For  digital  radios  designed  for  military 
use,  one  must  consider  the  radio  performance  not  only  in  a  channel  that  is  subject  to 
frequency  selective  fading  but  also  one  which  may  be  corrupted  by  intentional  jamming 
as  well.  Digital  radio  performance  is  dependent  upon  numerous  factors  such  as  the 
radio  parameters  and  the  channel  fading  characteristics.  Although  many  papers 
may  be  found  in  the  literature  that  report  a  specific  radio's  performance  durinq 
fading  conditions,  it  is  difficult  to  generalize  on  these  results  so  that  the 
performance  of  some  other  radio  operating  under  some  other  fading  conditions  can  be 
predicted.  It  would  be  time  consuming  and  prohibitively  expensive  to  exhaustively 
field  test  a  large  variety  of  different  radio  configurations,  i.e.,  different 
modulations,  different  types  of  adaptive  equalizers,  different  types  of  space  diversity 
combiners  or  switching  algorithms,  etc.  Therefore,  the  use  of  a  channel  simulator  is  a 
logical  approach  for  the  performance  evaluation  of  digital  radios. 

It  is  the  purpose  of  this  paper  to  review  channel  simulation  concepts  and  to 
summarize  recent  work  in  LOS  channel  modeling  and  the  hardware  realizations  of  these 
models  in  a  channel  simulator.  The  paper  also  describes  a  new  approach  in  which  the 
channel  simulator  is  realized  at  rf  rather  than  at  IF. 

The  paper  briefly  discusses  the  need  for  a  standard  performance  measure 
for  digital  radios.  Although  bit-error  rate  (BER)  is  frequently  used,  this  measure 
does  not  facilitate  comparisons  between  tests  conducted  by  different  researchers 
because  of  differences  in  the  ways  that  BER  statistics  are  accumulated.  The  use  of 
the  synchronous  error  second  (SES)  and  other  performance  measures  are  addressed  in 
the  paper. 

1.  THE  NEED  FOR  CHANNEL  SIMULATION 

The  concept  of  channel  simulation  has  been  investigated  by  many  people  for  at  least  twenty  years, 
'•'any  simulation  systems  have  been  designed  and  constructed  during  this  period  of  time.  Most  of  these 
devices  were  designed  to  simulate  specific  types  of  channels  or  frequency  bands.  For  example  the 
pioneering  work  of  Watterson  in  HF  channel  simulation  (see  ref.  1  through  4  for  example)  and  Bello  in 
troi'oscatter  and  1  ine-of-sight  (LOS)  channel  simulation  (see  ref.  5,  6,  and  7  for  example)  is  well- 
known.  Despite  these  inroads  the  potential  for  the  use  of  channel  simulation  has  not  been  fully 
tapped  as  of  this  date.  One  needs  only  to  casually  peruse  papers  presented  at  recent  conferences  and 
journals  in  the  field  of  communications  to  conclude  that  a  significant  amount  of  field  testing  of 
digital  radios  is  still  taking  place.  As  a  specific  example,  the  performance  evaluation  of  the 
dijitil  radio  to  be  used  in  the  Digital  European  Backbone  (a  U.S.  owned  and  operated  transmission 
network)  is  being  accomplished  through  a  lengthy,  and  expensive,  field  testing  program.  Because  the 
potential  for  the  performance  evaluation  of  radios  using  channel  simulators  has  not  been  fully 
exploited  it  is  worthwhile  to  reexamine  this  issue  and  to  summarize  the  recent  advances  in  this 
' echno 1 ogy . 

To  start,  one  should  recognize  that  channel  simulators  are  in  reality  test  instruments.  These 
devices  are  not  an  end  objective  in  themselves,  but  rather  a  means  to  an  end,  namely,  the  performance 
evaluation  of  a  radio  set.  These  devices  might  be  more  appropriately  named  radio  test  sets.  The 
focus  needs  to  be  on  their  capability  for  the  performance  evaluation  of  radios.  This  helps  to 
justify  the  cost  of  their  design  and  construction.  Examples  will  be  given  later  in  which  signature 
curves  are  used  for  comparison  of  digital  radio  performance.  These  signatures  may  be  generated 
through  the  use  of  a  simulator. 

The  emphasis  in  this  paper  is  on  simulator's  to  be  used  in  the  performance  evaluation  of 
digital  radios.  The  effect  of  fading  on  analog  radios  is  well  understood.  It  is  more  difficult 
to  predict  the  effect  of  fading  on  digital  radio  performance  or  to  design  and  evaluate  various 
countermeasures  to  this  phenomenon.  The  multiplicative  nature  of  frequency  selective  fading  pre¬ 
cludes  the  use  of  additional  transmitted  power  as  a  solution  to  the  problem.  Many  approaches  to 
minimizing  the  effect  of  frequency  selective  fadinq  have  been  proposed  and  implemented.  A 
discussion  of  these  techniques  is  outside  the  scope  of  this  paper.  Of  interest  here  is  the  use  of 
channel  simulators  for  the  comparative  evaluation  of  these  techniques. 

In  general  radio  performance  can  be  estimated  using  any  of  the  following  techniques: 

1)  theoretical  performance  evaluation, 

2)  performance  measurements  in  the  field  made  on  representative  links,  and 

3)  performance  evaluation  in  the  1aboratory  using  a  channel  simulator. 

Theoretical  performance  evaluation  is  not  tractable  for  realistic  channel  conditions.  In  many  cases, 
fhe  theoretical  evaluation  is  restricted  to  the  additive  white  qaussian  noise  (AWGN)  situation.  On 


the  other  hand,  actual  digital  radio  performance  measurements  can  be  made  through  the  use  of  field 
testing.  This,  however,  tends  to  be  expensive  and  time-consuming.  Typically  the  radio  must  be 
tested  under  a  variety  of  configurations  such  as  with  and  without  an  adaptive  equalizer,  with  and 
without  space  diversity,  combination  of  equalization  and  diversity,  different  modulations,  etc. 

Field  testing  therefore  tends  to  be  costly.  Because  of  this  expense,  the  field  tests  tend  to  be 
limited  in  duration  which  may  give  an  incomplete  picture  of  the  radio  performance  in  a  variety  of 
conditions.  Limited  testing  also  tends  to  preclude  meaningful  comparisons  of  performance  for 
different  radio  configurations  due  to  the  random  behavior  of  the  transmission  media. 

Watterson[3]  has  described  the  advantages  of  simulation.  They  are  accuracy,  repeatability,  station- 
arity,  availability,  range,  and  cost.  A  statistically  stationary  channel  simulator  imposes  no  time 
limitation  on  the  experiment,  while  field  testing  tends  to  be  less  complete  because  the  media  is 
tine-variant  and  not  controllable.  Thus  experiments  can  be  easily  repeated  using  a  channel  simulator, 
but  not  precisely  repeated  for  field  tests.  Channel  conditions  in  a  simulator  can  be  selected  at 
will  (availability),  permitting  controlled  experiments  that  are  impossible  in  field-testing.  Channel 
conditions  in  a  simulator  can  cover  wide  ranges  of  values,  the  extremes  of  which  may  occur  rarely  for 
actual  channels. 

[n-the-field  measurements  of  error  performance  have  been  conducted  for  evaluation  purposes. 

However,  under  these  circumstances  the  channel  and  noise  characteristics  are  often  changing  with 
ti  e,  results  are  not  repeatable,  and  confidence  limits  unacceptable.  Meaningful  comparisons 
between  competing  systems  require  simultaneous  measurements  over  the  same  path.  It  is  better  to 
perform  such  comparative  measurements  in  the  laboratory  under  a  controlled  environment. 

The  limitations  and  disadvantages  of  both  theoretical  evaluation  and  field  testing  have 
motivated  researchers  in  the  field  of  digital  communications  to  develop  channel  simulators.  Such 
simulators  have  been  utilized,  for  example,  by  Bell  Laboratories  for  the  laboratory  performance 
evaluation  of  digital  radios  to  be  utilized  in  the  Bell  System.  Such  simulators  should  be  utilized 
for  the  evaluation  of  radio  systems  to  be  employed  in  military  networks  as  well.  The  simulators  to 
be  used  for  evaluating  military  radios  have  the  additional  requirement  for  simulation  of  inten¬ 
tional  jamming  interference  as  well  as  channel  propagation  simulation. 

SIMULATION  CONCEPTS 

There  are  several  ways  to  classify  channel  simulators.  BeT 1 o[ 7]  describes  two  basic  types,  the 
playback  and  the  synthetic  channel  simulators.  Linfield[8]  and  Bagdady[9]  describe  three  simulation 
concepts:  dynamic  analogies,  electronic  or  electromechanical,  and  the  stored  channel.  Dynamic 
analogy  simulators  are  those  whereby  channel  effects  of  electromagnetic  wave  propagation  are  repro¬ 
duced  by  some  other  physical  wave  phenomena  such  as  an  acoustic  wave  in  a  turbulent  tank  of  water. 
Electronic  simulation  of  a  channel  includes  both  analog,  digital,  or  hybrid  systems.  Both  the 
dynamic  analogy  and  electronic  simulators  come  under  the  synthetic  simulator  classification  used  by 
Bello.  Simulators  also  may  be  classified  as  being  either  real-time  or  non-real-time.  Simulators 
used  for  testing  radio  sets  operate  in  real  time.  Theoretical  calculations  of  digital  radio  perform- 
mte  can  be  performed  on  a  digital  computer  in  non-real-time  and  are  also  sometimes  called  simulators. 

1  hr  stored  channel  terminology  used  by  Linfield  is  conceptually  the  same  as  the  playback  *ermi- 
m,l') ;/  used  by  Bello.  Stored  channel  simulation  is  a  two-stage  process.  Channel  parameters  are 
first  measured  and  recorded  over  a  suitable  period  of  time.  These  data  are  then  played  back  for  the 
Purpose  of  controlling  some  parameter  within  the  simulator.  Bel lo[7]  used  a  pseudo-random  binary 
phase-shift-key  (PSK)  transmission  signal.  The  received  signal  was  correlated  with  delayed  replicas  of 
tn.;>  oseudo-rundom  signal  to  produce  complex  estimates  of  the  time-variant  impulse  response  of  the  chan¬ 
nel.  :nis  response  was  digitized  and  recorded  on  magnetic  tape.  These  data  can  then  be  played  back 
into  the  simulator  to  drive  the  analog  complex  modulators  of  an  analog  tapped  delay  line  model  of  the 
Lionel.  In  synthetic  simulation  of  the  propagation  channel,  tapped  delay  lines  may  also  be  used, 
bit  now  tne  complex  tap  gains  must  be  generated  synthetically. 

line  drawback  of  the  playback  approach  is  that  it  may  involve  considerable  time  and  expense  to 

. .  I  sufficient  data.  However  it  has  an  advantage  over  actual  field  testing  of  the  radio  itself 

p...  j.ise  the  data  are  available  for  the  comparative  performance  evaluation  of  several  radios  or  one 
-•a dio  i -i  several  configurations. 

; n  the  re-ainder  of  this  paper  we  shall  restrict  our  discussion  to  synthetic  channel  simulation, 
before  providing  specific  examples  of  channel  simulators  it  is  necessary  to  first  discuss  the 
s-  jnal  rode  1  and  channel  filter  model  concepts  of  simulation. 

'he  early  work  of  channel  simulators  was  nearly  always  based  upon  the  concept  of  the  signal- 
.!:  storting  randomly  time-variant  linear  filter.  The  realization  of  this  model  was  usually  based  upon 
‘  j  delay  line  forms.  Some  of  the  early  work  that  describes  this  time-variant  channel  analytically 
wa;  performed  by  K,i  i  la  th[  1 0] .  The  received  si  nal  y(t)  can  be  represented  by  the  convolution  of  the 
incut  si  pial  x t )  with  some  transfer  function  of  the  channel.  Thus 


y(t)  =  h(  ,t)  *x(t)  •  eft)  (') 

where  *  denotes  convolution.  h{  ,t)  is  the  impulse  re.uonse  functin,  of  the  channel,  and  n(t)  is 
the  additive  noise.  The  hardware  implementation  of  thi*  model  is  shown  in  figure  1.  Two  of  the  most 
critical  features  necessary  for  the  model  to  simulate  anr  tine-variant  channel  proper  y  are  the  tap 
spacino  and  the  time-variant  tap-gain  control  signals.  Tie  first  is  critical  to  the  verall  band¬ 
width,  and  the  latter  completely  controls  the  time-variant  -spects  of  the  filter.  It  should  be  noted 
that  these  control  signals  are  usually  both  complex  and  statistical  in  nature,  and  the  correlation 
properties  between  adjacent  tap-gain  functions  are  important.  As  discussed  earlier,  the  tap-gain 
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controls  can  be  either  generated  synthetical ly  or  they  can  be  provided  by  play-back  of  data  recorded  on 
an  actual  channel.  Several  simulators  at  various  frequencies  have  been  built  based  upon  the  tap-delay- 
line  channel  model.  An  example  will  be  given  in  a  later  section  of  this  paper. 

As  discussed  by  Linfield[8],  the  signal  model  can  be  represented  by  the  linear  combination  of 
signal  components  propagating  by  different,  but  distinguishable,  time-variant  paths.  Thus 

y(t)  =  T-  an(t)x(t  -  t  )  +  n(t) .  (2) 

n=  1 

Here  an(t)  is  the  time-varying  amplitude  of  the  nth  path  delayed  by  an  amount  tn  relative  to  the  direct 

path  (shortest  delay)  and  n(t)  is  the  additive  noise  as  before.  Figure  2,  after  Lirfield[8],  is  a 
block  diagram  of  the  hardware  implementation  of  this  generic  model. 

Although  most  of  the  early  work  in  channel  simulators  was  based  upon  the  tap-delay-line  model 
(including  the  HF  simulator  used  at  the  Institute  for  Telecommunication  Sciences)  there  has  been  much 
interest  in  recent  years  in  simulators  based  upon  the  signal  model.  Examples  of  both  types  will  be 
provided  in  the  following  sections. 

Most  of  the  foregoing  discussion  is  relevant  to  the  simulation  of  a  variety  of  media  (HF,  tropo- 
scatter,  or  LOS  microwave).  In  the  remainder  of  this  paper  we  shall  focus  on  LOS  microwave  models  and 
their  hardware  implementations. 

3.  MODELS  USED  IN  THEORETICAL  CALCULATIONS 


Although  the  emphasis  in  this  paper  is  on  LOS  channel  models  that  have  been  implemented  in  hardware 
for  the  purpose  of  real-time  channel  simulation,  it  is  worthwhile  to  make  note  of  models  that  have  been 
developed  that  have  resulted  in  theoretical  evaluation  of  digital  radio  performance. 


Jakes[ll]  provides  the  following  model  for  the  envelope  delay  distortion: 


TU) 


ri 


r  +  cos 


1  +  2r  cos  +  r 


(3) 


In  this  two  path  model,  the  direct  ray  has  unity  amplitude,  and  the  secondary  ray  has  amplitude  r  (<1) 
and  a  propagation  delay  of  :  relative  to  the  direct  ray.  Jakes  stated  that  in  most  cases  a  two-ray 
model  can  serve  as  a  good  approximation  for  the  relatively  narrow  (20-40  MHz)  channel  bandwldths  of 
interest.  He  used  this  model  along  with  a  number  of  simplifying  assumptions  to  predict  system  outage 
for  several  types  of  systems.  The  system  outage  was  taken  to  be  the  time  during  which  the  digital 
radio  system  "breaks"  completely  because  of  excessive  delay  distortion,  "Breaking"  in  this  case  means 
-  2 

error  rates  of  10  or  greater;  no  attempt  was  made  to  associate  8ER  quantitatively  with  envelope 
delay  distortion  before  the  break  point  is  reached. 


Greenstein  and  Czeka j [ 1 2 , 1 3 , 1 4]  assume  a  first-order  complex  polynomial  to  model  multipath  fading. 
The  transfer  function,  H(j),  for  this  model  is  given  by: 


HU)  =  Aq  -  +  j.uA,  (4) 

where  .  is  measured  from  the  center  of  the  channel  and  A  ,  A-j  and  are  slowly  varying  random 

coefficients.  The  model  applies  to  channel  bandwidths  of  40  MHz  or  less.  Greenstein' s  model  includes 
the  joint  probability  density  function  (pdf)  of  the  three  coefficients.  The  radio  is  considered  to  be 

vulnerable  whenever  A  ,  A-j ,  and  B^  are  such  that  receiver  eye  pattern  is  closed.  A  given  system 

design  can  be  evaluated  by  a)  identifying  the  region  of  the  parameter  space  (A  .  A-] ,  B^)  over  which 

the  eye  closes,  and  b)  integrating  the  joint  pdf  of  A  ,  A-j ,  and  B-|  over  that  region.  The  outcome  of 

this  computation  is  the  probability  of  eye  closure  given  that  multipath  fading  is  occurring.  The 

objective  of  Greenstein  was  not  to  obtain  absolute  performance  measures  such  as  outage  probability  but 
to  obtain  comparisons  and  relative  rankings  for  a  number  of  different  digital  radios.  Comparisons  can 
be  made  between  radios  having  different  modulations  or  different  types  of  adaptive  equalizers  using 
Greenstein's  techniques. 


Greenstein's  model  has  been  validated  using  the  same  data  base  used  to  verify  the  model  developed 
by  Rummler  (discussed  in  the  next  section).  The  data  base  consists  of  25000  recorded  measurements  of 
received  power  vs.  frequency  in  a  25.3  MHz  band  at  6  GHz  over  a  26.4-mile  path  in  Georgia  in  June  of 
1977.  Greenstein  and  Czeka j [ 1 3]  note  that  the  validity  of  the  model  for  other  paths,  frequencies, 
seasons,  etc.,  is  unknown. 


There  are  limitations  on  the  use  of  the  models  formulated  by  Jakes  and  by  Greenstein.  Neither 
results  in  calculated  bit  error  rate  probabilities.  Jakes'  work  resulted  in  an  upper  bound  on  the 
outage  probability,  while  Greenstein's  work  resulted  not  in  outage  probability,  but  in  the  probability 
of  eye  closure.  Normally  link  specifications  are  given  ;n  terms  of  outage  probability  specified  in  terms 
of  BER.  For  example,  the  Defense  Communications  System  (DCS)  specification  for  the  Digital  European 
Backbone  (DEB) [ 1 5]  is  based  upon  system  unavailability  where  unavailability  is  defined  as  follows: 

a)  loss  of  path  continuity  for  a  period  in  excess  of  1  minute, 

b)  error  rate  worse  than  10‘6  for  a  period  in  excess  of  1  minute,  and 

c)  fade  outage  greatpr  than  5  per  minute  for  a  period  in  excess  of  1  minute. 

Each  DE8  LOS  microwave  link  will  be  designed  to  achieve  a  minimum  availability  of  0.99994.  Thus,  it 
is  imperative  to  be  able  to  quantitatively  evaluate  radio  performance  in  terms  of  the  parameters 
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specified  for  the  system.  The  theoretical  approaches  formulated  by  Jakes  and  by  Greenstein  do  not  attain 
this  objective.  More  will  be  said  later  about  the  need  for  a  performance  measure  other  than  BER. 


Another  limitation  on  the  results  of  both  Jakes  and  Greenstein  is  that  both  assume  an  exponential 
distribution  of  the  time  delay.  As  noted  by  Jakes[_ll]  very  little  is  known  about  how  often  particular 
delays  can  occur,  i.e.,  the  statistical  distribution  of  the  delay  differences.  This  is  an  important 
point  that  applies  equally  well  to  the  use  of  either  a  theoretical  approach  or  a  simulation  approach 
to  digital  radio  performance  evaluation.  It  is  not  sufficient  to  merely  know  the  range  of  the  fading 
parameters;  knowledge  of  their  probabilistic  distribution  is  essential  for  the  determination  of  outage 
probabilities.  Consider  delay  time  for  example.  Ruthroff[16]  aives  the  maximum  value  of  the  delay 
difference  as: 


=  3.7  ( 


20 


3 

)  ns 


(5) 


wnere  D  is  the  path  length  in  miles.  However,  knowledge  of  r  is  not  sufficient.  Knowledge  of 
the  statistical  distribution  of  t  is  also  required.  max 


4.  RUMMLER'S  SIGNAL  MODEL 


One  signal  model  used  in  LOS  channel  simulation  that  has  oeen  widely  discussed  in  the  literature 
is  that  formulated  by  Rummler  (see  reference  17-25).  Rummler  as  well  as  other  researchers  have 
implemented  this  model  in  hardware  and  software  for  the  comparative  performance  evaluation  of  digital 
radios.  Matsuura[26]  has  used  a  simulator  based  on  this  model  for  limited  performance  evaluation  of 
the  digital  radio  to  be  used  in  the  Digital  European  Backbone.  Chao  and  Lui[27]  have  used  a  simulator 
based  on  Rummler ‘s  model  to  compare  the  performance  of  two  types  of  adaptive  equalizers.  Wang[28]  used 
the  model  as  part  of  software  calculations  for  the  performance  of  both  a  space  diversity  combiner  and 
an  adaptive  equalizer.  Foschini  and  Salz[29]  have  also  used  Rummler's  model  as  part  of  a  computer 
program  designed  to  evaluate  the  upper  bound  on  efficiency  indices  for  various  communications  tech¬ 
niques  (such  as  modulation  schemes,  and  adaptive  equalizers).  Greenstein  and  Prabhu[30]  use  Rummler's 
channel  model  as  part  of  an  analytical  study  to  predict  multipath  fading  outages  in  terrestrial  digital 
radio  systems.  Because  of  this  apparent  widespread  acceptance  of  Rummler's  model,  it  is  deemed 
worthwhile  to  examine  its  salient  characteristics  in  some  detail. 

Rummler's  model  is  given  by: 

H( . )  =  a  [1  -  be'jU  ‘  “o)t].  (6) 

The  plus  and  minus  signs  in  the  exponent  correspond,  respectively,  with  nonminimum  and  minimum  phase 
states  of  the  channel.  Although  a  physical  interpretation  is  difficult,  some  insight  into  the  param¬ 
eters  a.  b,  and  t  can  be  gained  through  the  examination  of  Figure  3  which  is  due  to  Rummler[17]. 

This  is  a  phasor  diagram  of  the  complex  voltage  transfer  function,  H(w).  A  three-path  model  is 
depicted  in  Figure  3(a).  The  direct  path  has  a  normalized  received  amplitude  of  unity  while  the 
remaining  paths  have  amplitudes  a^  and  a^.  The  second  and  third  rays  are  delayed  with  respect  to 

the  first  by  • -j  and  seconds,  respectively  where  H^)  is  superimposed  on  the  diagram  with 

h(.j).  Here,  ^  and  are  the  highest  and  lowest  radian  frequencies  in  the  band.  Because  Rummler 
assumed  (..,  -  .^)-^r<l  (i.e.,  the  delay  differential  between  the  first  two  paths  is  required  to  be 
-.■'.all),  the  vector  sum  of  the  first  two  rays  is  the  same  for  ^  and  ^ •  This  vector  sum  is  designated 
is  "a"  and  the  angle  of  the  sum  is  designated  by  t  -  -j  t  -  -r  where  r  is  equal  to  t^,  the  delay 

lifference  in  the  channel.  Figure  3(b)  is  the  resulting  simplified  phasor  diagram  for  Eq.  (6)  in  which 
a,  is  set  equal  to  ab  (i.e.,  b  is  the  ratio  of  the  amplitude  of  the  second  delay  path  and  the  vector 

sum  of  the  first  two  ray  paths).  The  model  function  of  (6)  may  be  interpreted  as  the  response  of  a 
channel  which  provides  a  direct  transmission  path  with  amplitude  "a",  and  a  second  path  with  a 
relative  amplitude  "b"  at  a  delay  of  ns  and  with  a  phase  of  t  +  -  (independently  controllable) 
at  the  center  frequency  of  the  channel. 

Figures  4  through  6  provide  additional  insight  into  the  model  by  showing  the  effect  on  the  magni¬ 
tude  nf  H(.)  resulting  from  variation  of  the  parameters  a,  b,  r,  and  f  .  As  can  be  seen  "a"  affects  the 

depth  of  the  fade  notch,  "b"  affects  the  shape  and  the  depth  of  the  notch,  and  "f  "  affects  the  location 

of  the  notch  within  the  receiver  passband.  The  parameter  "t"  determines  the  frequency  interval  between 
notches,  and  also  affects  the  shape  of  the  notch. 

Rurmler[17]  argues  that  the  simple  three-path  model  cannot  be  used  for  a  channel  model  because 
the  path  parameters  lack  uniqueness,  and  that  it  is  impossible  to  distinguish  between  such  fades  unless 
one  of  the  four  parameters  (a,  b,  f  ,  and  )  is  fixed.  He  then  demonstrates  that  the  parameter  t 

liquid  have  a  fixed  value  of  6.31  ns  and  that  the  model  provides  a  good  fit  for  a  data  base  of  25,000 
lit  i  points.  These  data  were  collected  over  a  period  of  41  days  over  a  26 . 4 -in i  1  e  (42.2  km)  link  from 
Atlanta  to  Palmetto,  Georgia.  From  these  data  statistical  distributions  of  the  parameters  a.  b,  and 
‘  w“r«!  obtain»d[  1 7] .  As  a  result  of  fixing  the  delay  at  6.31  ns,  the  model  no  longer  has  a  physical 

i  n  ternm  ta  t  i  on . 

The  statistics  of  the  parameters  of  the  fixed  delay  model  provide  the  means  for  statistically 
generating  all  of  the  channel  conditions.  The  model  as  represented  by  (6)  can  be  implemented  in 
"  iware.  varying  hardware  controls  in  conformance  with  the  statistical  distribution  of  the 
•'a  eters  i.  b.  and  f  ,  one  can  calculate  the  time  dutinq  a  heavy  fading  month  that  the  error  rate 

■•'ill  equal  the  critical  error  rate  defined  as  an  outage. 


Several  hardware  implementations  of  (6)  have  been  effected  at  intermediate  frequency  (IF)  by 
different  researchers[ 18,  26,  27,  31].  The  choice  of  an  IF  simulator  was  based  primarily  on  consid¬ 
erations  of  signal  and  noise  levels,  and  the  repeatabi 1 i ty  of  adjustments[18].  However,  there  are 
some  disadvantages  to  simulation  at  IF  rather  than  radio  frequency  (rf)  as  will  be  discussed  later. 

Figure  7  depicts  a  typical  test  configuration  for  evaluating  the  performance  of  a  digital  radio 
using  an  LOS  channel  simulator  implemented  at  IF.  Figure  8  depicts  an  implementation  of  Rummler's 
model.  Both  figures  are  representative  of  testing  reported  both  by  Rummler[18]  and  by  Matsuura[26] 
whose  work  was  based  on  Rummler's  model.  In  Figure  8,  the  time-delay  parameter  t  is  fixed,  and  the 
variable  parameters  are  the  magnitude  and  phase  of  the  individual  signal  paths.  Matsuura's  work  dif¬ 
fered  from  that  of  Rummler  in  that  the  former  allowed  t  to  be  variable.  Matsuura  used  the  simulator 
for  some  initial  testing  of  the  DRAMA  (Digital  Radio  and  Multiplexer  Acquisition)  radio. 

Both  Matsuura[26]  and  Giger  and  Barnett[25]  generated  so-called  "m-curves"  for  characterization 
of  a  digital  radio's  performance.  Typical  m-curves  are  shown  in  Figure  9  for  two  different  digital 
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radios.  The  curves  are  the  locus  of  data  points  for  a  specified  BER  threshold  (e.g.  10  )  and  for 
a  =  1  in  (6).  The  parameters  b  and  in  (6)  are  varied  (through  simulation)  to  obtain  this  locus  of 

data  points.  The  curves  for  different  radio  configurations  can  be  compared.  For  the  hypothetical 
example  of  Figure  9,  the  System  II  m-curve  might  be  for  a  digital  radio  with  an  adaptive  equalizer  and 
the  System  I  curve  might  be  for  the  same  radio  without  an  adaptive  equalizer.  The  m-curve  is  some¬ 
times  called  the  "signature"  of  a  radio.  Emshwi11er[32]  used  the  concept  of  the  radio  signature  in 
his  early  work  in  the  area  of  modelling  and  simulation.  Giger  and  Barnett[25]  provide  comparative 
m-curves  for  several  actual  digital  radios.  Fenderson,  et  al,[31]  provide  m-curves  for  the  DR-6 
digital  radio  with  and  without  an  adaptive  transversal  equalizer. 

Using  a  simulator  based  on  Rummler's  model  Fenderson,  et  al.[31]  report  an  outage  time  improvement 
factor  of  the  order  of  20  for  the  DR-6  radio  with  both  slope  and  transversal  equalizers  in  comparison 
with  a  DR-6  radio  having  only  a  slope  equalizer.  By  way  of  contrast,  they  found,  using  field  testing,  an 
improvement  of  the  order  of  only  3  for  the  same  two  radios.  This  difference  in  the  performance  evalua¬ 
tion  using  simulation  in  comparison  to  performance  evaluation  using  field  tests  is  a  matter  of  some  con¬ 
cern  because  the  value  of  channel  simulators  purportedly  is  that  they  can  be  used  in  the  cost-effective 
and  accurate  performance  evaluation  of  radios.  Fenderson,  et  al.,  explain  that  the  difference  between 
simulation  and  field  test  results  stems  from  the  fact  that  the  equipment  signature  obtained  using  the 

simulator  is  a  measure  of  static  performance  in  a  noise-free  condition  and  thus  does  not  reflect  the 

effects  of  multipath  fading  dynamics  or  combined  dispersive  and  flat  fading.  This  would  seem  to  present 
an  argument  for  an  improvement  in  the  simulator,  because  these  devices  are  valuable  only  if  they  can 
be  used  to  accurately  characterize  a  system's  performance.  If  the  results  obtained  through  the  use  of 
simulation  are  not  compatible  with  those  that  would  have  been  obtained  in  the  field,  then  the  value  of 
channel  simulation  is  greatly  diminished. 

There  may  be  other  explanations  for  the  differences  in  Fenderson 's  improvement  factor  determined 
through  simulation  and  that  obtained  through  field  testing.  His  laboratory  evaluation  may  have  been 
based  on  pdf's  for  a,  b,  and  *  described  by  Lundgren  and  Rummler[18]  which  was  based  solely  on  one  path. 
Conceivably  these  distributions  may  not  accurately  represent  the  path  Fenderson  used  as  a  test  link. 
Another  factor  that  may  have  had  an  impact  was  that  the  phase-locked  loop  (PLL)  is  not  part  of  the 

simulator  when  the  simulation  is  implemented  at  IF.  Frequency  selective  fading  can  have  an  impact  on 

the  performance  of  PLL's.  Thus  a  channel  simulator  implemented  at  IF  could  result  in  higher  perform¬ 
ance  estimates  than  actually  obtained  in  the  field. 

Typically  there  are  two  objectives  in  using  a  real-time  simulator:  1)  to  compare  the  relative 
performance  of  two  radios,  and  2)  to  determine  whether  the  radio  having  the  best  relative  performance 
meets  the  established  outage  ?tandards  for  a  link.  The  first  objective  gan  be  met  by  comparing  the 
m-curves  for  each  of  the  candidate  radios  being  evaluated.  In  general,  if  one  signature  falls  entirely 
below  another  signature  it  can  be  said  that  the  performance  of  the  first  radio  is  better  than  that  of 
the  second.  If  the  signatures  cross-over,  evaluation  of  the  estimated  outage  time  may  be  required 
for  more  than  one  radio.  The  second  objective  can  be  achieved  only  if  path  statistics  (which  may  be 
thought  of  as  the  channel  signature)  are  well  known. 

This  second  objective  of  simulation,  estimation  of  the  probability  of  outage  and  comparison  to  link 
standards,  may  be  achieved  by  a  procedure  for  the  integration  of  the  area  under  the  m-curve.  Emshwiller, 
who  performed  pioneering  work  in  use  of  equipment  signatures  or  m-curves,  developed  this  integration 
approach  for  converting  these  curves  into  an  estimate  of  outage  probability.  This  approach  was  refined 
by  Lundgren  and  Rummler[18],  and  has  been  adopted  by  other  researchers  such  as  Matsuura[26] .  The  proba¬ 
bility  of  outage  caused  by  multipath,  PqM,  is  estimated  from  the  following: 

P(b,  ,Q)  «  //  p(b,  Uq)  db  duQ  (7) 

where  p(b,  ,  )  is  the  joint  probability  density  function  of  the  parameters  b,  in  (6)  and  the 

limit  of  integration  in  (7)  is  the  critical  region  defined  by  the  m-curve  since  the  area  under  this 
curve  is  the  b/.  space  for  which  the  BER  is  less  than  the  specified  value.  Unfortunately  this  proce¬ 
dure  requires  a  knowledge  o  the  statistics  for  the  parameters  used  in  the  voltage  transfer  function 
given  in  (6).  Although  Rui  ~  ”(.17, 18]  provides  statistics  for  these  parameters,  validation  is 
requi red[26,29] . 

6.  FILTER  MODELS 

Filter  function  models  are  typically  implemented  with  tap  delay  lines.  Tap-delay  line  simulators 
are  based  upon  the  concept  depicted  earlier  in  Figure  1.  Much  research  has  focused  on  the  use  of  tap- 
delay  line  simulators  for  LOS  simulation[6,7 ,33] ,  troposcatter  simulation[5,32]  and  HF  simulation[l -4] . 


The  key  to  the  successful  use  of  the  tap  delay  line  concept  of  simulation  is  in  the  generation  of  the 
tap  gain  control.  In  dynamic  channel  simulation  these  control  parameters  must  fluctuate  so  that  the 
simulator  can  reproduce  the  time  dependent  amplitude  and  phase  variations  in  multipath  which  account 
for  the  dynamics  of  fading.  In  practical  designs,  the  amplitude  and  phase  are  controlled  through  the 
use  of  complex  control  signals.  These  signals  may  be  either  of  the  synthetically  generated  variety  or 
the  stored  channel  variety. 

Bel lo[6,7]  has  reported  on  extensive  research  in  the  investigation  of  a  LOS  tap-delay  line 
simulator  designed  to  simulate  ground-ground  (GG),  ground-aircraft  (GA),  aircraft-aircraft  (AA),  and 
aircraft-satellite  (AS)  1 ine-of-sight  links.  Although  the  simulator  is  implemented  at  IF,  it  effec¬ 
tively  simulates  both  multipath  and  Doppler  spread  that  would  be  observed  at  UHF  and  microwave 
frequencies.  The  simulator  models  three  propagation  modes:  refractive  multipath,  surface  multipath 
and  ionospheric  scintillation  (AS  links  only).  The  tap-gain  controls  may  be  either  synthetically 
generated  or  stored  channel.  The  interested  reader  is  referred  to  references  [6]  and  [7]  for  a 
detailed  explanation  of  the  mathematical  formulation  of  the  synthetic  complex  tap  gains  for  both 
refractive  and  surface  multipath  and  for  the  channel  prober/analyzer  equipment  used  in  the  recording 
of  channel  parameters  used  in  the  stored  program  mode  of  tap-delay  line  gain  control. 

Because  the  simulator  has  both  modes  of  tap-gain  control,  it  is  able  to  overcome  the  disadvantages 
inherent  in  either  approach  alone.  The  advantage  of  the  playback  mode  is  that  it  makes  no  assumptions 
about  the  characteristics  of  the  channel,  but  it  has  the  disadvantage  of  the  time  and  expense  in  the 
field  recording  of  channel  parameters.  The  synthetic  channel  mode  has  the  disadvantage  that  it  is 
based  upon  certain  assumptions  about  the  channel,  but  has  the  advantage  of  being  able  to  simulate 
ranges  of  propagation  conditions  at  will,  in  particular  conditions  which  rarely  occur  and  thereby  are 
difficult  to  capture  in  the  stored  channel  approach. 

The  simulator  reported  by  Bello  has  the  capability  for  the  simulation  of  jamming  as  well  as  for 
simulation  of  multipath  fading. 

Another  channel  simulator  that  is  based  on  the  tap  delay  line  principle  is  one  built  for  the  Defense 
Communications  Engineering  Center[34 ,35] .  This  is  a  hybrid  (digital  and  analog)  device  which  is  used 
to  simulate  a  microwave  radio  as  well  as  the  LOS  channel.  A  hybrid  computer  is  used  for  the  radio 
portion  of  the  simulator  (the  radio  is  scaled  down  in  frequency)  while  the  tap-delay  line  simulates  the 
LOS  channel,  The  mathematical  model  used  in  this  simulator  is  based  upon  the  following  assumptions: 

1)  the  LOS  channel  comprises  a  "direct"  component  and  a  "delayed",  time  dispersive  component,  2)  the 
direct  component  exhibits  a  slow  variation  in  intensity  over  a  30-40  dB  dynamic  range,  3)  the  differen¬ 
tial  time  delay  between  the  specular  and  time  dispersive  components  is  dependent  upon  both  antenna  and 
meteorological  parameters,  and  4)  the  temporal  width  of  the  time  dispersive  component  is  related  to  the 
number  of  layers  of  the  refractive  region  and  their  dimensions.  Based  upon  these  assumptions.  Smith  and 
0sterholz[34,35]  derive  an  equation  for  the  differential  delay,  t,  between  the  direct  component  and  the 
first  arrival  of  the  refracted  component.  The  complex  tap  weights  for  the  refracted  path  are  generated 
synthetical ly . 

The  block  diagram  of  the  hybrid  system  for  simulating  both  the  radios  and  the  LOS  channel  is  pro¬ 
vided  in  Figure  10.  The  space  diversity  version  of  the  DRAMA  radio  has  been  simulated  using  this 
facility.  The  system  has  the  capability  for  simulating  both  of  the  modulations  used  in  the  DRAMA  radio 
(quadrature  partial  response  and  quadrature  phase  shift  key)  bit-stream  generation,  partial  response 
filters,  transmitter  signal  processing,  IF  filter,  automatic  gain  control,  baseband  equalizer,  bit 
timing  recovery,  data  regeneration  diversity  combiner  and  signal  quality  monitor.  The  hybrid  computer 
simulation  of  the  AN/FRC- 1 70 ( V )  radio  provides  an  interactive  scale  model  which  can  be  changed  pro¬ 
grammatically  by  the  simulation  user  to  evaluate  the  resulting  performance  of  product  improvements  and 
design  changes.  This  simulation  has  been  implemented  by  frequency  scaling  hybrid  computer  models  of 
the  prototype  modem  circuits  and  implementing  these  models  with  analog  digital  computing  elements. 

The  two  time  scales  selectable  in  the  simulator  are  unity  and  one-tenth.  Radio  frequencies  are 
scaled  down  to  values  that  fit  within  the  hybrid  computer  bandwidth.  In  the  normal  time  scale  mode, 

IF,  bit  stream,  and  baseband  frequencies  of  70  MHz,  26.112  Mbs,  and  13.065  MHz  are  scaled  down  to 
2.688  kHz,  1  kb/s,  and  500  Hz,  respectively. 

This  hybrid  simulator  has  been  used  for  the  evaluation  of  an  improved  dual-diversity  combiner, 
an  improved  signal  quality  monitor,  and  an  improved  slope  adaptive  equalizer  for  the  DRAMA  radio. 

It  is  currently  being  used  to  evaluate  a  decision  feedback  equalizer  for  the  DRAMA  radio. 

6.  A  PROPOSED  NEW  CONCEPT  FOR  AN  LOS  CHANNEL  SIMULATOR 

The  device  that  is  described  in  this  section  is  not  a 
the  device  are  varied  dynamically  in  order  to  simulate  the 
microwave  channel.  Rather  it  is  a  device  that  uses  static 
parameters  in  order  to  obtain  equipment  signatures.  These 
comparative  evaluation  of  digital  radios. 

One  of  the  key  differences  between  the  concept  of  an  LOS  channel  simulator  presented  in  this  section 
and  those  discussed  in  the  literature  is  that  in  the  proposed  device,  the  simulation  is  implemented  at 
rf  rather  than  at  IF.  Simulation  at  IF  has  the  disadvantage  that  some  of  the  critical  components  of  the 
signal  path  are  left  out.  These  components  include  the  phase  locked  loop  (PLL)  and  automatic  gain  control 
(AGC)  systems  as  well  as  circuitry  that  limits  the  rf  bandwidth. 

One  of  the  key  radio  components  that  is  not  included  when  testing  radios  using  an  IF  simulator  is 
the  phase  locked  loop  circuitry.  Biswas,  et  al.[36]  note  there  has  been  little  work  on  the  acquisition 
behavior  of  PLL's  in  an  environment  that  has  been  corrupted  by  time  varying  cha' nel  disturbances  (such 
as  frequency  selective  fading)  in  addition  to  additive  white  Gaussian  noise  (AWGN) .  Some  early  work  was 


simulator  in  the  sense  that  parameters  in 
random  fluctuations  of  a  real-world  LOS 
rather  than  random  variation  of  device 
signatures  can  then  be  used  for  the 
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done  by  Weber[37]  for  analyzing  performance  of  PLL's  in  lognormal,  Rician,  and  Rayleigh  fading  channels. 
Weber  calculates  the  variance  of  : ,  the  phase  error,  as  a  measure  of  tracking  performance  of  the  PLL. 

For  a  phase  shift  key  (PSK)  system,  he  shows  the  degradation  of  the  probability  of  error  (P^)  as  a 

function  of  the  variance  His  results  show  a  large  degradation  in  for  a  specified  Eb/No  (bit 
energy  to  noise  ratio)  as  increases  in  a  fading  channel.  His  results  are  indicative  of  the  need  to 
include  the  rf  sections  in  the  evaluation  of  digital  radio  performance  using  a  channel  simulator. 

Another  component  that  is  not  included  in  testing  a  radio  at  IF  is  the  AGC  circuity  which  is 
designed  primarily  to  compensate  for  flat  fading.  Just  how  well  the  AGC  is  able  to  respond  to  notches 
within  the  receiver  passband  due  to  frequency  selective  fading  and  how  the  performance  of  a  digital 
radio  is  affected  are  unclear. 

For  the  above  reasons  the  approach  we  are  taking  is  to  Implement  the  simulator  at  rf  rather  than  at 
IF.  The  model  on  which  the  simulator  is  to  be  based  is  a  two  path  model  and  may  be  classified  as  a 
signal  model  rather  than  as  a  filter  model.  Although  simulators  have  been  built  using  a  tap-delay 
line  implementation  of  a  filter  model,  there  are  some  disadvantages  in  doing  so.  Two  disadvantages  are: 

1)  The  tap-gain  functions  are  complex.  They  generally  are  not  Gaussian  in  nature,  yet  most  of  the 
tap  delay-line  applications  treat  them  as  such. 

2)  The  tap-gain  functions  are  not  independent  of  each  other,  thus  making  it  very  difficult  to 
establish  proper  control  for  simulating  a  variety  of  channels. 

The  difficulty  of  synthetically  generating  the  tap  gain-controls  can  be  overcome  through  the  use  of  the 
playback  approach,  but  this  approach  also  has  disadvantages  as  discussed  earlier. 

For  the  reasons  given  above  we  have  elected  to  develop  a  simulator  based  on  the  signal  model  concept, 

and  to  implement  this  concept  at  rf.  We  shall  now  discuss  the  specifics  of  this  implementation. 

The  block  diagram  of  the  proposed  rf  simulator  is  shown  in  Figure  11.  It  is  based  on  the  simple 
two-path  mathematical  model.  The  most  important  component  is  the  block  labeled  as  the  switch  section. 

This  in  essence  is  the  delay  element  for  the  multipath  signal,  which  follows  the  upper  portion  of  the 
diagram.  The  lower  path  is  the  route  for  the  direct  path  signal.  At  first  glance,  this  figure  implies 
that  the  control  of  the  parameters  (time  delay  and  phase)  is  going  to  require  critical  adjustments  in 
order  to  precisely  set  the  position  of  frequency-selective  notches  at  desired  positions  (particularly 
difficult  at  the  rf).  This  is  not  the  case  however,  as  the  control  function  does  not  follow  this  basic 
approach.  In  other  words,  the  objective  is  not  to  precisely  adjust  the  system  for  notch  position,  but 
to  provide  a  control  method  that  places  a  great  many  notches  in  positions  that  are  both  measurable  and 
predictable.  This  method  should  alleviate  a  great  deal  of  concern  and  implementation  problems  that 
others  have  experienced  even  at  IF. 

The  signal  leveler  in  Figure  11  serves  the  purpose  of  maintaining  a  nearly  constant  signal  level 

for  the  delayed  signal  path  regardless  of  the  amount  of  delay  switched  into  the  path.  In  other  words, 

it  compensates  for  the  insertion  loss  of  the  delay  elements.  The  line  stretcher  has  the  function  of 

providing  very  small  relative  delays  between  the  direct  path  and  the  delay  path. 

Before  presenting  the  proposed  control  method,  we  shall  briefly  describe  the  function  of  the  switch 
section  block  in  Figure  11.  This  is  the  basic  delay  line  for  the  multipath  signal.  It  should  be  noted 
that  it  is  not  a  tapped  delay  line,  but  one  that  Is  composed  of  a  number  of  elemental  delays  in  a  sequence 
arrangement,  each  one  associated  with  a  switch  network.  The  configuration  for  each  element  of  the  line 
is  shown  in  Figure  12.  In  this  figure,  F  is  a  fixed-delay  value  common  to  all  switch  sections,  and  d. 

is  an  incremental  value  of  delay.  Both  sections  of  the  switch  operate  together,  so  that  in  the  position 

shown,  the  delay  of  the  output  signal  with  respect  to  the  input  is  given  by  F.  When  the  switch  changes 
state,  this  relative  delay  is  incremented  by  the  small  amount  d^ ,  and  becomes  F  +  d..  The  amount  of 

incremental  delay  increases  by  powers  of  2  for  each  successive  switch  section.  Thus  the  delay  for  the 
i'th  section  is  given  by: 


d  ■  =  2 1  d ' , 


(8) 


where  d1  is  the  smallest  incremental  delay  when  both  switches  in  Figure  12 
delay  is  the  sum  of  the  delays  from  the  individual  switch  sections.  As  an 
switch  be  composed  of  8  sections  where  i  =  0,  1,  2  .  .  .7.  Also  assume  a 
this  arrangement  the  number  (N)  of  independent  incremental  delays  is  given 


are  activated.  The  total 
illustrative  example,  let  the 
value  for  d'  =  0.1  ns.  For 
by 


N  =  (28  -  1)  =  255,  (9) 

and  we  see  that  the  swi tched-control  delay  line  functions  in  a  binary  manner.  The  range  of  possible 
delays  thus  becomes  0.1  to  25.5  ns  when  d'  =  0.1  ns,  in  steps  of  0.1  ns.  These  values  are  for  illus¬ 
tration  only.  The  actual  incremental  values  that  will  be  used  in  the  design  will  depend  on  a  more 
detailed  mathematical  development  of  the  binary  chain,  with  respect  to  other  parameter  values  that 
will  have  an  effect.  Some  of  these  will  necessarily  have  to  be  derived  on  an  experimental  basis,  and 
cannot  be  quantified  at  this  time.  As  an  example,  in  Figure  12  we  have  included  a  delay  value  attributed 
to  the  switch  itself,  which  is  labeled  S.  This  must  be  minimized  by  testing  and  selection  of  the  switch, 

and  also  compensated  for  by  adjustments  in  the  value  of  i  and/or  the  selection  of  d1. 

It  is  anticipated  that  the  realization  of  the  simulator  will  permit  operation  over  a  frequency 

range  on  the  order  of  1  to  10  GHz.  The  design  will  be  optimized  at  one  frequency  (probably  8  GHz)  and 

calibration  procedures  will  be  developed  for  other  operating  frequencies.  The  elemental  delav  lines 
will  be  fabricated  from  miniature  semirigid  coaxial  lines  useful  at  these  frequencies.  When,  during 


the  development,  a  precise  measure  of  the  incremental  delay  is  established,  and  the  tolerances  due  to 
parameters  such  as  S  are  determined,  then  a  calculation  can  be  performed  that  will  describe  the  multipath 
structure  in  the  frequency  domain  for  each  of  the  (say)  25b  switch  settings,  from  this  analysis,  a 

number  of  subset  conditions  can  be  determined  that  will  describe  the  position  of  a  certain  notch  within 

a  subrange  of  the  signal  spectrum,  and  also  provide  a  predictjble  count  of  the  number  of  times  during  a 
test  run  (for  any  given  number  of  settings)  that  the  notch  fell  within  any  particular  subrange.  It  is 
this  process  that  permits  us  to  elude  the  problem  of  trying  initially  to  position  a  given  notch  at  any 
particular  position  within  the  spectrum.  In  a  sense,  the  performance  evaluation  technique  becomes  a 
statistical  process,  but  with  predictable  features  that  will  permit  static  performance  data  to  be  derived. 

Since  the  switched  delay  line  functions  as  a  binary  chain,  the  possibilities  of  both  manual 
operation  and  external  control  are  easily  seen.  A  BER  measurement  made  over  an  interval  of  1  s  should 
be  adequate  for  a  test  of  a  system  having  a  digital  bit  rate  of  the  order  of  ten  Mb/s  since  our  interest 

is  in  outages  due  to  BER  of  the  order  of  10"®.  By  placing  the  switched  line  under  control  of  a  simple 
clock  (1  s  intervals)  a  complete  set  of  255  measurements  (the  full  range  of  an  8-section  line)  can  be 
performed  automatically  in  as  many  seconds  (less  than  5  min,).  Each  of  these  sets  would  be  developed 

for  a  fixed  ratio  between  the  direct  path  and  multipath  magnitudes.  This  ratio  is  controlled  by  the 

programmable  attenuator  in  the  multipath  signal  line  of  Figure  11.  The  overall  signal  level  at  the 
output  (input  to  system  under  test)  is  controlled  by  a  similar  attenuator  following  the  two-signal 
summing  junction.  These  attenuators  are  also  binary  switched  units,  and  can  be  controlled  in  the  same 
or  similar  fashion  as  that  applied  to  the  delay-line  unit. 

The  development  of  this  simulator  is  planned  in  phases.  The  first  task  is  to  prove  the  basic 
concept  of  an  rf,  two-path,  LOS  simulator.  Detailed  design  of  the  simulator  depicted  in  Figure  11  will 
be  accomplished.  All  necessary  hardware  for  the  basic  simulator  will  be  acquired  and  assembled.  The 
simulator  control  will  be  accomplished  through  the  use  of  a  simple  clock.  Testing  and  calibration  of 
the  simulator  will  be  performed  in  order  to  verify  that  the  simulator  output  is  representative  of  LOS 
fading.  This  testing  will  consist  of  using  the  clock  control  to  step  sequentially  through  the  8  switch 
sections  thereby  stepping  through  the  full  range  of  delays  of  the  multipath  signal.  This  procedure 
will  be  repeated  for  a  variety  of  attenuator  settings.  The  output  of  the  simulator  will  be  monitored  on 
a  spectrum  analyzer  to  verify  that  the  notch  is  being  correctly  placed  within  the  spectrum. 

The  objective  of  the  next  task  is  to  refine  the  capabilities  of  the  simulator  by  using  a  microcom¬ 
puter  to  control  the  setting  of  the  switches  and  attenuators.  The  microcomputer  will  also  be  utilized 

to  collect  and  analyze  bit-error-rate  (BER)  or  synchronous-error-second  (SES)  data.  Figure  13  depicts 
the  test  configuration.  A  data  bit  stream  generator  will  be  fed  into  the  transmitter  portion  of  the 

radio  under  test.  The  input  signal  to  the  simulator  will  come  from  the  rf  section  of  the  transmitter 

precedin')  the  TWT,  and  the  output  will  go  to  the  rf  input  of  the  receiver.  The  output  from  the  receiver 
will  be  fed  into  an  error  analyzer.  Information  on  the  BER  or  SES  will  be  recorded  on  magnetic  tape  or 
other  ''iass  storage  under  control  of  the  microcomputer.  The  software  for  performing  the  control,  record¬ 
in'),  and  data  analysis  functions  will  be  developed  under  this  task.  A  microcomputer,  a  magnetic  tape 

ir'ive  (or  other  storage  device),  and  the  equipment  to  provide  data  bit  stream  generator  and  error 

analysis  will  be  procured  under  this  task.  A  second  channel  will  be  added  to  the  simulator  in  order 
to  provide  the  capability  for  evaluation  of  space  diversity  radios. 

Tne  simulator  will  be  utilized  to  analyze  the  performance  of  a  DRAMA  radio.  The  testing  will  be 
performed  on  a  DRAMA  radio  in  a  configuration  for  which  field  test  data  are  available.  The  DRAMA 

radio  is  currently  undergoing  testing  at  Pt.  Mugu,  California  on  a  65-mile  (104- km),  over-water  path. 

The  radio  is  being  tested  using  various  configurations  of  adaptive  equalization  and  space  diversity 
o' bininq.  The  simulator  will  be  utilized  to  evaluate  the  DRAMA  radio  in  the  same  configuration  as 
•hat  used  in  the  Pt.  Mugu  tests.  This  will  lend  credibility  to  use  of  the  simulator  for  radio  perform¬ 
ance  evaluation  assuming  that  the  laboratory  results  are  compatible  with  the  results  obtained  in  the 
prior  field  testing  of  the  DRAMA  radio. 

A  typical  set  of  measurements  for  a  given  radio  configuration  will  consist  of  stepping  through 
each  of  the  possible  delays  (say  255)  for  a  given  attenuation  setting.  This  is  then  repeated  for 
additional  attenuation  settings,  i.e.,  differences  in  amplitude  between  the  direct  path  and  the  delay 
path.  For  each  delay  switch  and  attenuator  setting,  the  BER  and/or  SES  data  will  be  recorded  on  the 
floppy  disk.  This  will  permit  the  generation  of  plots  similar  to  "m-curves"  for  different  radio 
configurations.  Here  the  plots  will  be  attenuation  vs.  delay  for  fixed  BER  or  percent  SES  as  opposed 
to  the  plot  of  fade  depth  vs.  notch  frequency  for  a  fixed  BER  as  depicted  previously  for  the  m-curves 
of  Figure  9.  The  use  of  these  curves  for  comparing  the  performance  of  different  radios  tends  to 
!)>>  somewhat  subjective  if  the  curves  cross  each  other  at  some  point.  A  quantitative  comparison  can 
be  obtained  by  using  the  numerical  integration  of  the  area  under  the  curves  as  suggested  by 
t  ".hwi  1  ’nr [32]  . 

A  ’am:' ing  signal  simulator  will  be  added  at  a  later  date  to  the  hardware  depicted  previously 
"  figure  11.  The  capability  to  simulate  the  jamming  threat  as  well  as  the  multipath  fading  phenome- 
"  1,1  is  particularly  needed  for  the  development  and  testing  of  electronic  counter-counter  measure 

hnigues  that  are  expected  to  be  employed  in  the  next  generation  digital  microwave  radios  to  be  used 

■  ■■  fi"  Defense  Communications  System. 

"  IMTAI  RAUK  PERFORMANCE  EVALUATION  MEASURES 

CHienel  s  i"  ul  a  tors  should  be  viewed  as  tools  for  the  performance  evaluation  of  radios.  Typically 
*••'•’<■  ivi  is  in  the  comparative  performance  evaluation  of  one  radio  against  another  or  the  comparative 

■  ■  x  ■  1 1  ■  •  i  c  :  i  -  r,  .  f  l  i  f  ferent  con''  i  gyrations  of  a  sigle  radio  (e.g.,  with  and  without  an  adaptive  equalizer). 

'•  ■'  lor  to  perform  this  evaluation  some  performance  measure  is  required.  In  field  testing  the 

•■is  ire  isoally  reported  is  BER.  In  recent  simulation  work,  the  measure  frequently  used  is  the 
•  rivent  signature  or  m-rurve.  The  m-curve  is  the  locus  of  points  for  a  fixed  BER  and  is  a  plot  of 
•ile  lopth  vs.  notch  position.  Thus  BER  is  the  first  performance  measure  one  usually  thinks  of  in 
onnection  with  digital  radio  performance  evaluation. 


Unfortunately  BER  is  an  ambiguous  measure  unless  the  length  of  time  over  which  the  BER  is  measured 
is  specified  and  becomes  uniform  in  application.  This  is  the  only  way  that  the  data  from  different 
experiments  can  be  compared.  By  nature,  the  errors  caused  by  multipath  propagation  develop  in  bursts 
of  various  lengths.  For  a  given  error  burst,  the  longer  the  duration  of  the  measurement  interval,  the 
lower  the  BER  becomes,  if  no  more  errors  occur.  For  this  reason  two  values  of  BER  when  compared  may 
give  a  completely  false  conclusion  if  they  were  not  measured  over  a  comparable  period  of  time. 

Another  performance  measure  that  is  frequently  encountered  is  system  outage.  This  measure  is 
usually  based  on  some  threshold  of  BER  activity  either  with  or  without  a  specified  unit  of  time.  An 
outage  is  declared  when  the  BER  exceeds  the  established  threshold.  Frequently  reports  in  the  liter¬ 
ature  do  not  specify  the  length  of  time  over  which  the  BER  is  measured,  the  length  of  time  the 
condition  must  last  before  an  outage  is  declared,  or  the  length  of  time  error-free  conditions  are 
resumed  before  the  end  of  outage  is  declared. 

Another  problem  with  the  measurement  criteria  is  in  regard  to  the  system  mission.  It  is  generally 
recognized  that  the  level  of  performance  for  data  transmission  must  be  better  (in  terms  of  BER)  by 
several  orders  of  magnitude  than  for  voice  transmission.  The  absolute  requirements  for  each  are 
not  well  specified. 

Because  of  the  problems  noted  above,  it  appears  desirable  for  some  performance  measure  to  be 
utilized.  The  CC I TT [ 38 , 39]  has  adopted  the  following  conventions  for  an  international  digital  connec¬ 
tion  at  64  kb/s: 

1)  at  least  90  percent  of  1-minute  intervals  with  error  rate  of  10"®  or  less  averaged  over  that 
minute,  and 

2)  at  least  92%  of  1-second  intervals  to  be  error-free  (i.e.,  to  have  zero  error  rate). 

The  first  criterion  was  chosen  for  voice  telephone  calls,  while  the  second  was  chosen  for  data  transmis¬ 
sion.  Recent  proposals  have  suggested  the  use  of  an  interval  of  0.1  s  instead  of  1  s[38]. 

There  has  also  been  a  proposed  new  definition  for  the  failure  of  a  digital  system  so  that  outage  is 
defined  without  ambiguity.  Complete  failure  has  been  tentatively  defined  as  beginning  when  ten  consecu- 

-3 

tive  seconds  each  have  an  error  rate  of  10  or  worse  and  ending  when  ten  consecutive  seconds  each  have 

_3 

an  error  rate  of  better  than  10  . 

Another  measure  that  is  sometimes  used  is  the  synchronous  error  second  (SES)  measure.  Here  the 
second  of  time  always  starts  synchronously  with  the  first  error.  Variations  in  performance  criteria 
based  on  SES  have  been  proposed,  such  as  defining  outage  as  a  specified  number  of  continuous  SES's  with 
a  BER  specified  for  each. 

The  U.S,  National  Telecommunications  and  Information  Administration  has  submitted  a  contribution[41 ] 
to  the  CCITT  Study  Group  XVIII  in  which  it  is  demonstrated  that  there  is  a  need  for  at  least  two  param¬ 
eters  to  characterize  transmission  system  accuracy.  It  is  stated  in  this  contribution  that  "a  system 
with  independent  errors  can  appear  to  be  more  accurate  than  a  system  with  clustered  errors  if  the 
specification  is  based  on  Bit  Error  Probability,  but  less  accurate  if  the  specification  is  based  on 
Error  Free  Seconds."  It  is  suggested  in  the  contribution  that  two  parameters  (e.g.  bit  error  probabil¬ 
ity  and  a  time-based  error  ratio  such  as  percent  error  free  seconds)  may  be  satisfactory  for  the  digital 
performance  evaluation  standard. 

Obviously,  there  is  still  work  to  be  done  in  the  standardization  of  measurement  parameters.  Until 
such  standardization  is  accomplished  it  will  be  difficult  to  compare  digital  performance  results 
(obtained  either  in  the  field  or  in  the  laboratory  with  a  simulator)  reported  by  different  researchers. 

8.  CONCLUSIONS 

Table  1  provides  a  summary  of  models  discussed  in  this  paper  that  have  been  implemented  In  hardware. 
Table  2  lists  models  that  have  been  used  in  theoretical  calculations  of  radio  performance  (sometimes 
called  software  simulators).  Some  models,  such  as  Rummler's  model,  have  been  used  both  in  hardware  simu¬ 
lators  and  in  theoretical  calculations  of  digital  radio  performance.  For  the  theoretical  calculation 
category,  the  results  are  typically  upper  bounds  on  digital  radio  performance,  involve  approximations  in 
the  calculation  process,  and  are  based  on  a  number  of  assumptions.  While  such  calculations  serve  a 
useful  purpose  for  establishing  the  baseline  for  systems  performance,  we  conclude  that  simulation  is 
needed  for  a  more  precise  comparison  of  different  digital  radios  against  each  other  and  against  the 
performance  standard  defined  for  the  network. 
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Figure  1.  Block  diagram  of  a  basic  tap 
delay-line  simulator. 
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Figure  2.  General  block  diagram  of  a  simulator 
based  on  the  signal  model . 


a  Composite  phasor  diagram  of  H(CO ,)  and  where 
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Figure  3.  Phasor  diagrams  (after  Rummler  [17]). 
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Rummler' g  channel  -iodol  showing  the 
effect,  of  varying  the  parameter  b. 


Figure  5.  Rummler 's  channel  model  showing  the 
effect  of  varying  the  i>arameter  a. 
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Figure  6. 


Rummler's  channel  model  showing  the 
effect  of  varying  the  parameter  i. 


Figure  7. 


Typical  channel  simulator  test 
configuration  for  IF. 
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Figure  8.  A  block  diagram  for  a  simple  three- 
ray  simulation  process. 


Figure  9.  Typical  "m-curves"  for  two  digital 
radio  systems. 


Figure  10. 


Hybrid  dual  diversity  simulator  developed  for  Defense 
Communications  Engineering  Center. 
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Figure  12.  An  illustration  of  a  single  delay 
element  of  the  switch  section  in 
Figure  1 1  . 
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AN  H.F.  SIMULATOR  FOR  USE  WITH  RRAL  TIME  CH  ANN  FI,  EVALUATION  SYSTEMS 

by 
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.-•"MMARY 

rheie  is  a  growing  interest  in  the  use  of  RTCE  (  Real  time  channel  evaluation  )  to 
improve  the  performance  of  HF  communication  systems.  This  implies  the  need  for  a  method 
comparative  testing  between  different  systems  in  a  repeatable  environment.  An 
Unity  to  conduct  such  tests  in  real  time  would  also  be  advantageous,  since  the 
Performance  of  a  channel  evaluation  system  depends  not  only  on  its  ability  to  select 
•h,-  best  available  channel,  but  also  the  time  it  takes  to  do  so. 

The  paper  describes  an  HF  simulator  constructed  at  York  University  as  an  off-air 
•  .-•■,  t  bod  for  an  HF  radio  link  using  real  time  channel  evaluation  aided  frequency 
ion.  The  simulator  implements  the  basic  channel  model  proposed  by  Watterson  et  al 
[Wit  f  -1  r son  6  9a  1  with  the  addition  of  several  novel  features  applicable  to  real  time 

'htnrT'l  ••valuation  systems. 

i)  Rapid  selection  of  channel  parameters  from  stored  sets 

This  enables  an  RTCE  based  system  to  control  the  simulator  as  a  direct 
replacement,  foi  a  real  HF  station  selection  one  out  of  n  available  channels. 

bj  A  realistic  and  repeatable  interference  simulation 

Previously  two  methods  of  introducing  interference  into  a  simulation  have  been 
used,  either  recorded  interference  or  locally  generated  noise  (usually  gaussian 
white  noise).  Neither  of  these  is  particularly  attractive  as  the  former  is  difficult 
to  repeat  at  different  sites  and  the  latter  is  unrepresentative  of  real 
interference.  The  York  simulator  aims  to  incorporate  a  realistic  but  repeatable 
interference  simulation  with  variable  spectrum  shape  and  fade  rate. 

c>  Time  variable  channel  statistics 

Stationary  channel  statistics  are  ideal  for  error  rate  measurements  on  modems, 
allowing  measurements  to  take  place  over  an  extended  period  of  time.  However  a  real 
t i m>'  channel  evaluation  scheme  must  react  to  changing  conditions,  making  time 
variable  statistics  a  desirable  feature. 

The  paper  is  mainly  concerned  with  the  novel  aspects  of  the  simulator  rather  than 
!•• tailed  design.  A  brief  resume  of  channel  modelling  and  atmospheric  noise  is  given  for 

comp  1 1 •  t  eness . 


!.  i  n  TRoniit.:  rioN 

I'he  university  of  York  is  currently  conducting  research  into  the  application  of  real 
•  i  me  channel  ‘'valuation  t  RTCE  )  to  H.F.  communication  in  collaboration  with  the 
"r.  i  versify  of  Kent  at  Canterbury  (  UK  ).  For  the  purpose  of  this  research  an  H.F.  link  is 
being  established  between  the  two  sites.  The  equipment  being  used  has  several  novel 
fear  ires  that  are  intended  to  allow  its  use  as  a  research  tool  for  RTCE,  whilst  at  the 
: .  i  si  e  ti-pe  costing  little  more  than  a  simple  low  power  (  200W  )  H.F.  station: 

1 i  Fast  tuning  digitally  controlled  transmitter,  receivers  and  aerial  tuning  unit 
A  TO  ).  i  approx.  100  ms  channel  change  time  ) 

,i  Programmable  digital  signal  processor  instead  of  a  hard  wired  modem 

•'tie  mt  of  fh“  research  programme  is  not  only  to  examine  RTCE  techniques  but  also  to 
sc  . i  ;  m  RTOK  syt.-m  which  can  be  integrated  into  the  design  of  an  H.F.  station  without 
>...  expense  ■  •’  separate  sounding  >-pii  pment  ,  or  the  requirement  for  a  skilled  operator  to 
:  •:  •  , .  r  : ,  r  •  •  -  i  r  s  results.  Fig.  1  shows  The  equipment  configuration  at.  York  illustating  the 
n  ■  •  •  t  „ ,  r  i  ‘  i  or  o  f  •ho  H.F.  simulator  into  the  system. 

•M  t  hog  gh  •  he  York  -  Canterbury  link  will  provide  a  useful,  real  and  reasonably 
ov..r  which  hi  work  ,  i  *■  was  decided  that  an  H.F.  channel  simulator  would 
,  ,  gsefg  1  ••ml  .luring  system  development.  The  advantages  of  us  i  nq  a  simulator 

.•  ■id  C  i  real  link  ir>'  summarised  below. 

i  Repeat  ah l  1  i t y 

This  has  beer,  found  useful  for  comparative  testing  of  modulation  and  coding  schemes 

ml  modem  performance,  similarly  repeatability  is  highly  desirable  when  assessing 

*'••.••  p*.  r  f  o  r  m  ,i  n  -e  of  an  RTCF  technique. 
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NANT 
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TIME  STEP  LOOP 


NANT  =  NUMBER  OF  ANTENNA  ELEMENTS 
NJAM  =  NUMBER  OF  JAMMERS 


SINGLE  ELEMENT 


ANTENNA  ELEMENT 
VOLTAGES  FOR 
SATELLITE 


ANTENNA  ELEMENT 
VOLTAGES  FOR 
JAMMERS 


SATELLITE  POWER 


JAM  +  NOISE  POWER 
SATELLITE  POWER 


AT  OUTPUT  OF  ANTENNA  SYSTEM 


BEAM-STEERING 

ARRAY 


iwiri'i  the  process i nq  of  .intenna  element  voltaqes  for  the  various  antenna  systems 


NEXT  ANTENNA  ELEMENT 


NEXT  ANTENNA  ELEMENT 


Tor  each  antenna  element: 


!re  calculated. 
i  torage : 


TABLE  1 

Storage  of  antenna  element  voltages 


-  satel 1 i te  vol tage 

-  noise  voltage 

-  jammer  voltage 


jammer  1  jammer  2  -  jammer 

NJAM 


•  Ant.el  1  VK,  |  V,>2 


,'|  I 

•'  I  I 


VNANT,1  VNANT.2 


NOISE 

SATELLITE 

V1,N.)AM+1 

V1 ,  flJAM+2 
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1 

1 

1 

1 

1 
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VNANT ,NJAM+1 

VNANT,NJAM+2 

CALCULATION 
OF  RECEIVED 
SATELLITE  POWER 


CALCULATION 
OF  RECEIVED 
JAMMER  POWER(S) 


RATIO 

CALCULATION 


JAM  TO  SIGNAL 
RATIO 
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The  simulation  is  carried  out  in  the  batch  mode  and 
grams  on  the  line  printer,  such  as: 

*  Vehicle  and  jammer  positions 

*  Vehicle  attitude  angles 

*  Jam-to-siqnal  ratios 

*  Received  satellite  power 

*  Received  jamming  power 

*  Aspect  angles  to  satellite  and  jammers 

*  Calculated  weight  vectors 

*  Horizontal  Y  vs  X  position  of  veil i c  1  e  and  jammers 

*  height  of  vehicle  vs  time 

*  Aspect  angles  to  jammers  vs  time 

*  Jam-to-Signal  ratios  vs  time 


it  results  in  output  in  the  form  of  tables  and  dia 
|  Versus  time  (in  table) 

Versus  time  (in  table) 

I"""'"1 


Examples  of  output  in  the  form  of  tables  and  diagrams  are 


shown  in  figure  5  and  6  respectively. 


1.  VERIFICATION,  LIMITATIONS  AND  FUTURE  DEVELOPMENTS 

To  enhance  the  confidence  in  the  simulations  carried  out  with  the  ANABASIS  program  it  is  planned  to 
verify  it  with  the  results  of  actual  measurements.  These  measurements  will  be  carried  out  to  investigate 
the  operation  of  Navstar  receivers  and  adaptive  antennas  on  board  of  an  aircraft  in  a  jamming  environment. 

This  computer  program  is  no  exception  to  the  rule  that  nothing  is  perfect  and  the  obvious  limita¬ 
tions  are:  i)  the  use  of  only  one  (stationary)  satellite,  ii)  the  lack  of  a  time  domain  model  of  the 
adaptive  antenna  system,  iii)  there  is  no  model  to  account  for  the  scattering  of  signals  by  the  vehicle 
and  iv)  the  lack  of  a  model  of  the  operation  of  the  Navstar  receiver  in  a  jamming  environment. 

However,  the  main  objective  of  the  program  is  to  determine  if  a  nulling  antenna  is  required  anyhow  and 
then  compare  the  realtive  performance  of  various  antenna  element  configurations.  Thus  the  effects  of  the 
limitations  apply  to  all  the  configurations  in  the  same  way  and  are  therefore  considered  less  important. 

The  use  of  the  program  for  a  number  of  scenarios  has  brought  about  some  points  which  should  be 
added:  i)  extension  of  the  program  so  that  the  received  satellite  signal  and  the  jam-to-signal  ratio  for 
all  visible  Navstar  satellites  are  calculated  in  one  run,  ii)  determination  of  the  influence  of  the 
finite  accuracy  of  the  weights,  iii)  include  limits  for  proper  Navstar  receiver  operation  in  terms  of 
received  satellite  power  and  jam-to-signal  ratio,  iv)  an  indication  of  the  accuracy  of  the  vehicle  posi¬ 
tion  obtained  from  the  Navstar  system  in  case  of  a  jamming  environment. 


5.  CONCLUSIONS 

A  computer  program  developed  for  the  simulation  of  the  performance  of  adaptively  controlled  Navstar 
antennas  in  battlefield  scenarios  has  been  described.  The  program  is  used  to  determine  if  a  null-steering 
antenna  is  required.  If  so,  then  the  relative  performance  of  various  antenna  element  configurations  can  be 
compared.  The  program  will  be  verified  with  the  results  of  actual  measurements. 
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PJ0=  '.TONT  ^  (Vi,JWi)' 


-  all  jammers  PJQT=  PJQ 
J  —  1 

The  jam  +  noise- to-s innal  ratio  at  the  antenna  output  is  again: 


P  +  P 

J+N  _  JOT  NO 


where  the  contributions  are  now  defined  by  Eq.'s  (12)  to  (15). 

The  division  by  the  number  of  antenna  elements  NANT  in  Eq.'s  (12)  to  (14)  is  required  because  it  is 
assumed  that  the  signals,  after  weighting,  are  summed  in  a  matched  power  combiner. 


ned  by  the  direct  matrix  inversion  method  give  optimum  nul 1 -steeri ng  behaviour  of 
in  practice,  the  finite  accuracy  of  the  weight  setting,  the  time  delays  in  iter- 
finite  number  of  samples  of  input  and  output  voltages  used  in  the  calculation  of 
bute  to  a  non-optimum  antenna  performance.  To  account  for  this  a  null-depth  limi- 
into  the  program.  It  operates  in  the  following  way: 

null-depth  (in  fact  the  maximum  suppression  as  compared  with  a  single  antenna  ele 
input  to  the  program.  Then,  during  the  calculation,  a  comparison  is  made  between 
power  Pjq  given  by  Eq.  (14)  and  the  power  P j qR  that  would  be  received  by  antenna 


The  weights  obtained  by  the  direct  matrix  invf 
the  antenna.  However,  in  practice,  the  finite  accui 
ative  systems  and  the  finite  number  of  samples  of  i 
the  weights  all  contribute  to  a  non-optimum  antenn; 
tation  has  been  built  into  the  program.  It  operate? 
The  user  specifies  the  null-depth  (in  fact  the  max' 
ment),  say  s  dB,  as  an  input  to  the  program.  Then, 
the  individual  jammer  power  Pjq  given  by  Eq.  (14)  i 

element  1  with  weight  equal  to  1  from  that  jammer: 


PJ0fT  V1,J  (16) 

If  Pjgfi  and  Pj0  are  expressed  in  dBW  the  difference  between  them  is  the  suppression  of  the  jammer  by 
the  null-steering  array. 

If  this  suppression  exceeds  the  specified  null-depth  6,  then  PJ0  1S  increased  according  to: 

PJ0=  PJ0R  '  '  ^dBW^ 


otherwise  Pjq  is  given  by  Eq.  (14). 


When  a  beam-steering  array  is  used  the  equations  (5)  and  (12)  to  (15)  can  be  applied  to  calculate 
the  various  output  powers  and  the  antenna  performance. 

The  difference  with  the  nul 1 -steering  array  is  the  fact  that  the  weights  W  are  not  calculated  in  the 
program  but  are  specified  by  the  user  at  the  start  of  the  simulation.  During  the  simulation  the 
weights  are  not  changed. 

In  figure  4  the  overall  flow  diagram  for  the  calculation  model  is  shown.  The  complete  set  of  cal¬ 
culations  is  executed  for  each  time  step.  The  received  satellite  signal  is  calculated  for  each  antenna 
element,  as  is  the  signal  received  from  each  jammer.  The  weight  calculation,  which  depends  on  the  array 
type  (single  element,  nul 1 -steering  or  beam-steering  array),  the  calculation  of  the  antenna  output 
powers  and  the  power  ratio  are  the  last  part  of  the  sequence. 


3.  INPUT  /  OUTPUT  DESCRIPTION 

To  operate  the  program  a  certain  amount  of  input  data  is  required.  This  data  is  prepared  in  an 
interactive  way  and  it  can  be  classified  to  the  following  categories: 

-  scenario  data  :  title 

:  time  duration  (min.  60  s) 

:  mode  (single  element,  nul 1 -steer inn ,  beam-steering) 

-  vehic  lo  data  :  modei  (block,  cylinder,  flat  plate) 

:  dimensions 

:  dynamics  (i.e.  attitude  variations) 

:  trajectory 

-  interim  array  data  :  position  and  orientation  of  the  elements  (max.  19) 

:  type  of  elements:  blade,  helix,  microstrip  patch,  omni 
:  steering/  weight,  vector 

-  umnerts)  data  (max. 30):  trajectory  (fixed  or  moving) 

:  frequency 
:  power 

-  .a  to  1  ]  i  t.e  data  :  pos  i  t  i on 

:  frequency 
:  power 


These  definitions  imply  that  jammer  siqnals,  the  satellite  signal  and  the  noise  are  uncorrelated. 
The  jam  +  noise  -to-signal  ratio  at  the  antenna  output  equals: 


P  +  P 

J+N  JOT  'NO 


which  can  be  calculated  using  Eq.'s  (1)  to  (4). 

In  the  case  of  a  nul 1 -s teer ing  array  NANT  antenna  elements  are  in  use  (NANT  >2)  and  the  weights  are 
calculated  in  such  a  way~tFaT~ jammer  signals  are  more  or  less  suppressed.  The  calculation  procedure  for 
the  weights  is  based  on  the  direct  matrix  inversion  method.  The  reasons  for  this  choice  are: 

-  optimum  weights  are  obtained  directly,  which  are  attained  anyhow  after  enough  iterations  in  the  steepest 
descent  or  weight  perturbation  technique, 

-  no  waste  of  computer  time  as  compared  with  methods  based  on  iterative  solutions, 

-  imperfections  of  practical  systems  can  be  accounted  tor  by  specifying  a  maximum  null-depth. 

First  the  covariance  matrix  M  is  determined: 


"’ll  nl  1 2  m1  NANT 

m21  ' 

i  ' 

!  i 

i  ' 

mNANT 1  mNANT  NANT 


(6) 


where,  for  example,  m^  equals: 


"’ll  Vi  1  (  V1,1  +  V1 ,2  +  V1,NJAM  +  V1,NJAM+1  +  V1  ,NJAM  +  2  )  * 

(V1,1+  V1 ,2  •••  V1 ,NJAM+  V1,NJAM+1+  V1 .NJAM+2  * 


* 

In  this  expression  is  V.  the  sum  of  the  voltages  on  antenna  element  1,  and  denotes  the  complex  conju¬ 
gate,  For  the  remaining  elments  of  the  convariance  matrix  similar  expressions  as  Eq.  (7)  can  be  deve¬ 
loped.  If  it  is  assumed  that  the  satellite  signal  V  MJAM+2  ’s  negligible  as  compared  with  the  noise  and 

that  the  jammer  signals  are  not  correlated  then  Eq.  (7)  reduces  to: 


"II 


1,1 


*  *  ★ 

V  1,2  V1,2  +  ••,V1 ,NJAMV1 ,NJAM  +  V1 .NOISE  V1 .NOISE 


(8) 


where  V1jN0[SE=  V1)NJAM+1 


A  non-diagonal  element  of  M,  e.g.  m^,  can  be  written  as: 

m12~  V1  V  V  1,1  V2 , 1  +  V  1,2  V2,2  +  V  1 ,NJAMV2,NJAM 


(9) 


because  the  noise  voltages  on  the  individual  antenna  elements  are  not  correlated.  In  the  same  way  as 
given  by  the  Eq.'s  (8)  and  (9)  the  remaining  elements  of  M  can  be  determined.  The  next  step  is  the  in¬ 
version  of  the  complex  matrix  M,  and  finally,-  the  weights  are  calculated  according  to: 


[WJ  =  alMf’lSJ*  OO) 

where  S  represents  the  steering  vector.  The  factor  a  is  a  normalizing  constant  which  is  used  to  bring 
the  weight  with  the  greatest  modulus  to  1.  The  phase  is  not  changed.  Thus: 

aJ',7,7"'  (11) 

max 

It  is  now  possible  to  calculate  the  antenna  output  power.  The  assumption  made  is  that  the  weights 
are  preceeded  by  the  low-noise  amplifiers.  This  assumption  and  the  fact  that  one  of  the  absolute  values 
of  the  weights  is  always  1  means  that  the  antenna  output  noise  is  completely  determined  by  the  noise  at 
the  pre-ampl i f ier  input  (i.e.  V  n JAM+ 1  ^ ' 

The  respective  antenna  output  powers  are: 

1  NANT 

•  »«"'«  "so'lvmr  ■ 

1=7 

1  NANT 

PN(f  1ST  /  ,  1  (Vi  ,NJAM+1Wi  ) 


noise 


(13) 


'm  adabagis  uimi’mtfr  program 


.  .1.  General 

Anabasis  is  an  acronym  formed  from  Adaptive  Nulling  Antennas  in  Battlefield  Simulations..  The  function 
of  the  program  is  to  support  the  determination  of  the  performance  of  various  receiving  antenna  systems  in 
electronic  warfare  conditions.  To  that  end  the  program  contains  the  following  calculation  model: 

A  vehicle  equipped  with  a  specified  receiving  antenna  system  (e.g.  a  single  element,  a  beam-steering  array 
or  an  adaptive  nulling  array)  moves  in  a  fixed,  topocentric  coordinate  system.  This  coordinate  system  is 
also  used  to  describe  the  position  of  a  stationary  satellite,  which  transmits  the  desired  signal  and  of 
a  number  of  stationary  and,  or  moving  jammers  which  transmit  interfering  signals.  The  received  signal  power 
at  the  output  of  t he  vehicle's  antenna  system,  due  to  satellite  and  jammerts)  is  calculated  and  together 
with  the  system  noise,  the  resulting  1 nterference- to-s ignal  ratio  is  obtained.  This  ratio  is  the  main  dis¬ 
criminant  in  judging  antenna  performance.  In  case  of  a  single  element,  the  calculations  are  straight  for¬ 
ward.  With  a  beam-steering  array  the  steering  information  has  to  be  supplied  as  an  input  to  the  program. 

In  case  of  an  adaptive  nulling  array  a  weight  vector  is  calculated  in  the  program,  according  to  the  method 
of  direct,  matrix  inversion  (Hudson,  19K1).  The  reasons  for  this  choice  are  described  elsewhere  (Pietersen, 
1JH4)  and  also  summarised  in  section  2.2.  The  program  is  a  time-stepping  one,  that  is  to  say,  for  each  new 
step  the  position  of  the  vehicle  and  jammers  can  lie  chanqed  and  the  calculations  are  carried  out  again. 

When  using  Anabasis  two  stages  can  be  distinguished,  viz.  the  scenario  handling  and  data  preparation 
which  is  carried  out  in  the  interactive  mode  and  the  simulation  processing  which  is  carried  out  in  the 
batch  mode. 

2.?.  The  calculation  model 

The  main  activities  in  the  computer  program  are  the  calculation  of  the  power  of  the  satellite  signal 
in  i  of  the  jammer  signal  (s)  at.  the  output,  of  the  receiving  antenna  system.  The  ratio  of  these  powers 
( jam-t.o-signal  ratio)  is  a  measure  of  the  antenna  performance.  Figure  1  shows  the  block  diagram  for  these 
activities.  Since  the  antenna  output,  power  is  the  sum  of  the  weighted  contributions  of  the  individual  an¬ 
tenna  element  voltages,  the  latter  are  to  be  calculated  first.  This  is  shown  in  figure  2  for  both  the  sa¬ 
tellite  and  the  jammer  signal (s).  The  antenna  is  located  on  the  vehicle  and  it  can  occur  that  the  view 
from  the  antenna  element  to  the  satellite  or  jammer  is  blocked  by  the  vehicle  structure.  In  two  cases,  viz. 
the  cylinder  and  the  flat  plate  used  for  the  description  of  the  vehicle,  models  are  incorporated  in  the 
program  accounting  for  the  additional  losses  due  to  the  shielding.  The  cylinder  shielding  model  (Siegel, 
r'h‘i  is  based  on  the  properties  of  wave  propagation  around  a  cylinder,  the  flat  plate  shielding  model 
assumes  simply  a  fixed  amount  of  attenuation  if  the  path  between  the  antenna  element  and  jammer  or  sa- 
•i  '  1  :  i-  is  blocked  by  the  vehicle.  To  facilitate  the  calculations  three  coordinate  systems  have  been 

j  .i“! : 

-  The  t  i  !  coordinate  system  (TCS),  a  topocentric  coordinate  system  in  which  the  position  of  satellite, 
i, inner  is)  and  vehicle  are  defined. 

-  >e  vehicle  coordinate  system  iVCS)  which  is  used  to  define  the  dimensions  of  the  vehicle  and  the  posi- 

*■  inn  of  the  antenna  elements.  Together  with  the  FCS,  the  VCS  also  provides  for  the  definition  of  the  ve¬ 
sicle's  attitude. 

-  The  interna  coordinate  system  (ACS)  which  is  a  reference  system  to  describe  the  antenna  element  gain  as 
a  '  rvcion  of  angular  directions.  Together  with  the  VCS,  the  ACS  also  provides  for  the  definition  of 
mien'll  element,  orientation  on  the  vehicle. 

'•i-  antenna  element  voltages  correspond i ng  to  the  jammer  signals,  the  satellite  signal  and  the  system 
,e  i ii:  stored  ri  an  array  with  dimensions  equal  to  (the  number  of  antenna  elements)  x  (the  number  of 
■evil"--.  •  ,  .  This  array  is  the  data  base  used  for  the  calculation  of  the  antenna  output  power.  It  is  shown 
1  '  V  1 .  »>.<•  •  ■  1  ii f  voltages  known  it.  is  possible  to  calculate  the  power  and  the  jam- to-s i gna  1 

1  '  i  • '  •  ••  j'.'i.i  'in  intemia  system.  Dependin'1  on  the  type  of  aiftenna  system,  i.e.  a  single  element, 

■  'Cl-  ’ . s  i/  or  i  pisim- steering  array,  different  expressions  are  obtained.  The  processing  of  the 

i  I'l'-nenf  voltages  is  in  all  cases  a  weighted  summing  but  the  details  of  the  process  depend  on  the 
"  ■'"'i:  ,  'vi.  for  a  single  element  the  weighting  factor  is  1  and  the  determination  of  the  output  powers 

.•ri'  pi*  forward.  In  the  case  of  a  null-steering  array  the  weights  are  to  be  calculated  before  the  out- 
.  o  o  ivr  .  in  pH  ibtairied.  When  a  beam-steering  array  is  used  the  weights  are  input  at  the  start  of  the 
i  ’  ,1  i* ions  g»d  then  used  as  constants  in  the  summation  procedure  during  the  whole  simulation  run.  The 
.  o'  e  ,  ,i  :  t  the  antenna  element  voltages  is  shown  schematically  in  figure  3  and  i>  more  detailed  des- 

l"S.'d 

‘ii  :  i  ;ran  the  ose  if  a  single  element  is  called  the  requirements  mode.  This  is  a  practical  mode 
•  1  i  .  ’  til"  •  :  , tibli'  to  pro  he  the  jam- 1  u-s  i  gna  1  ratio  during  the  mission  if  no  special  antenna 

'•  '  •  ;  ,n  ire  is-"!,  and,  by  ons i dor i rig  the  proper!  ies  of  the  receiving  system,  define  the  required 

i  '  .  .bbis-  .  '.lie  e,  by  definition  in  the  program,  antenna  element.  1  is  used  for  this  requirements 

1  ■'  :  'in  we  i  :>  t  ••  i  i  ’  1,  ‘ho  respet  five  antenna  output  powers  are  (using  the  nomenclature  of  Tab.  1): 
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SUMMARY 

The  Navstar  Global  Positioning  System,  GPS,  is  a  navigation  system  developed  by  the  US  Department  of 
Defense.  Its  main  purpose  is  to  provide  highly  accurate  positioning  and  timing  data  to  military  users. 
Although  the  use  of  the  spread  spectrum  technique  in  GPS  provides  for  a  reasonable  protection  against  jam¬ 
ming  or  other  interference  signals,  one  can  increase  the  immunity  to  a  great  extent  by  using  adaptive  an¬ 
tennas.  It  depends  on  the  expected  scenarios,  including  jammers,  if  any  suppression  by  antennas  is  neces¬ 
sary  . 

As  the  tool  for  the  determination  of  the  requirements  for  threat  suppression  and  the  performance  of 
adaptively  controlled  antennas  in  electronic  warfare  conditions,  the  ANABASIS  computer  program  was  deve¬ 
loped.  The  paper  will  address  among  others  the  signal  propagation  model  and  the  weight  vector  calculation. 
Some  examples  of  simulation  results  will  be  presented. 


1.  INTRODUCTION 

The  Navstar  Global  Positioning  System,  GPS,  is  a  navigation  system  developed  by  the  US  Department  of 
Defense.  Its  main  purpose  is  to  provide  highly  accurate  positioning  and  timing  data  to  military  users. 

In  principle,  each  user  has  a  receiver  with  which  he  determines,  in  real  time,  his  distance  to  a  number  of 
nun-geostationary  satellites.  From  these  data  he  computes  its  actual  position  and  velocity.  Use  is  being 
made  of  spread  spectrum  signals  radiated  by  the  satellites  having  a  unique  code  for  each  satellite.  Only 
two  frequencies  are  being  used,  1575.42  MHz  and  1227.60  MHz. 

Although  the  spread  spectrum  technique  provides  for  a  reasonable  protection  against  jamming  or  other  in¬ 
terference  signals,  one  can  increase  the  immunity  to  a  great  extent  by  using  antennas  which  can  adapt 
•■heir  pattern  i , .  such  a  way  that  jamming  signals  are  suppressed  and/or  satellite  signals  are  enhanced. 

ADAPTIVELY  CONTROLLED  ANTENNAS  are  defined  here  as  array-antennas  which  are  able  to  control  their 
power  pattern  automatically  in  such  a  way  that  wanted  signals  are  favoured  and/or  not-wantc-d  signals  are 
suppressed.  From  this  definition,  the  following  general  classes  of  adaptive  antennas  can  be  defined: 

-  LIAM-STEERING  antennas;  using  the  wanted  signal  itself,  or  knowledge  about  the  instantaneous  direction 
to  the  signal  source,  the  amplitude  and  phase  of  the  signals,  received  by  each  antenna  element  of  an 
irray,  are  changed  in  such  a  way  that  maximum  gain  is  obtained  towards  the  signal  source.  The  gain  in 
other  directions  is  low. 

-  NULL-STEERING  antennas;  using  the  not-wanted  signals  themselves,  or  knowledge  about  the  instantaneous 

!i reef  ions  towards  these  interfering  or  jamming  sources,  the  amplitude  and  phase  of  the  signals  received 
by  oath  antenna  element,  are  controlled  in  such  a  way  that  a  very  low  gain,  a  NULL,  is  placed  in  the 
!> recti  on  towards  each  jammer. 

■"'!  important  observation  in  the  evaluation  of  the  pros  and  cons  of  beam-steering  and  null-steering  is  that 

■  ir  *lte  same  physical  size  of  an  array-antenna ,  the  difference  in  gain  to  the  wanted  signal  and  to  the 

■  iri'W.T  signal  can  he  much  larger  for  nul  1 -steering  than  for  beam-steering, 
in  '  is e  f  the  Navstar  system,  other  aspects  have  to  he  considered: 

-  Him  .vise  the  satellite  signals  are  far  below  the  noise  level,  no  wanted  signals  are  readily  available  for 
,  >0  in  adaptive  beam-steering.  Weights  should  have  to  be  computed,  going  out  from  known  positions  of 

,  i  to  1 1 <  teg  mil  the  vehicle,  and  the  attitude  of  the  vehicle.  Especially  this  last  parameter  is  often  not 
•  Mown,  A ’so  the  required  speed  of  romputat inn  of  weights  in  case  of  attitude  changes  will  pose  a  serious 

-  ic  Navstar  one  needs  the  signals  of  four  satellites.  Creating  four  beams  simultaneously  requires  at 

1  •  ■  -i  . f  ‘  i  vc  elements;  otherwise  the  satellites  have  to  be  polled,  creating  a  loss  in  average  satellite 
or.  In  i  use  of  nut  I  -  teer  iriq ,  one  needs  n  +  1  elements,  where  n  is  the  expected  number  of  simultaneous* 
'•  i  4  :s  si  In  ini  transmit!  inq  jammers.  It  the  jammers  are  in  about  the  same  direction,  they  can  be  coun- 
*'■!  *  ,  ipe  if  ,  p.fm’e  millinu  i c  required. 

"•  iu  ,o  *  tin  N  *  vs  tar  ,'unals  are  below  'he  noise  level,  there  exists  a  very  simple  criterium  for  nul  1- 
inq:  i!  I  .  i  qua  1  s  above  noise  lor  a  defined  power  level  above  noise),  within  the  Navstar  bandwidth, 
os-  i  riiriu  .iqeals  -which  have  to  he  suppressed. 

'atin  ■;  into  ii  fount  all  the  observations  above,  it  is  clear  that  in  most  applications  the  choice  will 
s  •  ,  :  ,m.| to  m j  1  1  -s tner i nq . 

I  *  legem] ,  or  tne  e/pi ,  red  scenarios,  including  jammers,  if  any  suppression  by  antennas  is  necessary. 

■  w  "v  c  s  ipt.ression  eventually  ran  be  effectuated  depends  cm  the  antenna  geometry  and  the  algorithms  used 
r  t*>,.  i.ntriil  e  1  m  t  ro»  i  r  s .  As  the  tool  for  the  determination  of  the  requirements  fur  threat  suppression 

ami  t.  r.  pio-f  ..i-mai-i  e  of  adaptively  <  on  trolled  antennas  in  electronic  warfare  conditions,  the  ANABASIS  com- 
:  |t.-T  "coqram  was  lev  ■  I  oped .  'he  computer  program  is  described  in  chapter  2  and  some  nf  the  reasoning 
whic  »•  pit*  inf  u  'i'c  program  i  presented  there.  Chapter  5  gives  a  description  of  the  required  input  data 
'"1  ‘rt'  .  r  ci’si'.  md  i  nq  u‘pj',  while  chapter  *  contains  a  discussion  on  the  verification,  the  limitations 
ml  ‘.'urc-  develop' . .  1  *  *  hr  pre  gram.  The  conclusions  are  contained  in  chapter  5. 


DISCI  SSION 


I-  .1  intz  C  hristeiisoii. 1  >c 

\\  c  have  implemented  mu  Rl  simulator  similar  to  I  lie  one  proposed  in  Figutc  I  I  lor  testing  ol  a  I  2  ( II 1/  40(1  Mb  s 
Ol’Sk  svstem  Isolation  ol  the  power  splitter  and  pouei  combiner,  am  t,  e  reflection  coefficients,  proved  to  be  vciy 
ei  ideal  to  avoid  multiple  reflect  ions  giving  additional  signal  components  with  high  delay.  I  lave  you  ealeulaled  the 
i  ei|in  lenient  s  to  the  s\  stem  components  needed  to  obtain  a  fail  111  til  moadband  reali/ation  of  the  wanted  channel 
liansler  liinetion  ’ 

Xlithur's  Reply 

<  Hi i  simulalor  is  cm  rentb  in  the  detailed  design  phase.  Ue  have  not  as  ol  this  time  given  consideration  to  the  problems 
caused  by  multiple  reflections  which  give  additional  signal  components.  I  his  is  an  excellent  question  because  it 
emphasizes  the  care  one  must  use  in  the  actual  hardware  implementation  of  such  simulation  dev  ices.  In  the  iinal  design 
and  construction  ol  the  simulator  we  shall  use  isolators  for  the  purpose  of  minimizing  unwanted  signal  components. 


IWlonsen.  I  S 

Analysis  (paper  bv  l)r  Steen  I’arl)  has  shown  that  the  number  of  rays  in  single  layer  multipath  fading  has  to  be  odd. 

I  herefore.  a  ravs  is  the  first  and  probably  most  interesting  case  of  multipath  fading.  Why  was  the  Kummler  2-ray  model 
emphasized  in  your  work  .’ 

Author's  Reply 

The  question  of  a  2-path  v  s  3-path  model  has  been  under  consideration  for  some  time.  Other  researchers  (e.g. 

I  mshwiller.  ICC  I  d  7  N )  state  that  a  2-path  model  permits  a  good  approximation  of  most  frequency  selective  lading.  We 
chose  a  2-path  model  because  of  the  simplicity  of  its  implementation  while  at  the  same  time  providing  a  reasonably 
good  lit  to  the  actual  channel. 


I  .Koithius,  Ft 

Is  the  model  proposed  by  Kummler  as  general  as  it  is  said?  This  model  has  been  set  up  from  measurements  on  a  single 
link  at  a  giv  en  frequency  and  in  a  given  climate.  What  has  to  be  modified  if  the  distance  or  the  climate  are  changed? 

I  )ocs  a  flat  failing  always  exist  in  addition  to  a  selective  fading?  Y ou  use  a  slightly  different  model.  For  what  reason? 

Author's  Reply 

It  is  true  that  Rummler's  model  has  been  validated  only  for  a  single  path,  namely  a  26.4  mile  link  in  Georgia.  Additional 
channel  measurements  which  could  be  used  to  verify  the  statistical  distributions  Rummlcr  developed  for  the  parameters 
a.  h,  and  <ut)  would  be  quite  useful.  Flat  fading  may  or  may  not  be  present  with  frequency  selective  fading.  As  is  well 
known,  digital  radio  performance  may  be  greatly  degraded  at  relatively  shallow  fade  depths  when  the  fading  is 
frequently  selective.  The  ITS  model  is  postulated  as  being  more  representative  of  the  actual  physical  situation. 


.I.S.Bolrosc.  (  a 

I  would  like  to  tell  vou  that  the  ( 'omnumications  Research  Centre.  Ottawa  is  sponsoring  the  industrial  development  ol 
two  mobile  radio  channel  simulators:  one  for  satellite  relay  systems  (M-SAT).  and  one  lor  terrestrial  mobile  radio 
sv stems  I  el  me  describe  the  latter  in  a  little  detail. 

I  he  simulatoi  is  designed  to  evaluate  the  performance  ol  digital  and  analogue  mobile  radio  systems,  and  hence  the 
licqucncv  bands  lor  which  the  simulator  is  usable  are:  1  AS  -  I  74  Ml  Iz.  406— 47(1  Ml Iz  and  St  16  —  Ndtl  Ml  Iz.  and 
ot  -’s  Ml  1/  lot  modem  testing. 

I  he  input  signal  is  split  into  two  components,  representing  direct  and  multipath  propagation,  bach  component  can  be 
I  fopplet  shilled  I  he  multipath  component  is  further  shifted  into  ‘prompt”  and  “delayed"  components  Moth  prompt 
and  delaved  components  are  split  into  in  phase  and  quadrature  components,  vv liich  are  multiplied  by  independent  low 
pass  ( iaussian  signals  Bv  a  selectable  combination  ol  the  various  signal  components,  the  land  mobile  channel  simulatoi 
simulates  the  follow  ing  propagation  el lects:  Kav Icigh  lading.  Rice  tailing,  multipath  delay .  I foppler  shills,  shadow ing 
and  additive  noise.  I  he  parameters  are  selectable  from  manual  front  panel  controls  and  via  an  II  I  1  -4SS  general 
pm  pose  interlace  bus.  lor  computer  conti ol  and  graphics.  I  >clivcry  ol  these  simulators  is  expected  bv  March  ol  next 


veai 


b)  Stationarity 

The  fact  that  a  simulated  channel  may  have  stationary  (  time  invariant  )  statistics 
means  that  long  periods  of  measurement  may  be  used  to  increase  measurement  accuracy. 
This  is  useful  for  modem  tests  at  low  error  rates.  For  RTCE  systems  s t a t i ona r i ty ,  is 
also  useful  to  allow  measurement  noise  and  errors  during  the  channel  evaluation 
process  to  be  observed.  It  should  be  noted  that  the  York  simulator  can  produce 
stationary  or  non-stat iona ry  channel  cha racter i s t i cs,  since  to  produce  a  realistic 
environment  for  a  RTCE  system  non-stat iona ry  channel  characteristics  are  essential. 

c)  Accuracy 

Channel  conditions  can  be  mathematically  described  and  hence  are  complementary  to 
theoretical  studies. 

d)  Range  of  variation 

Using  a  simulator,  channel  conditions  can  be  reproduced  which  exceed  the  range  which 
can  normally  be  expected  from  a  real  link.  This  allows  system  performance  to  be 
assesed  at  its  limits. 

e)  Availability 

Any  conditions  can  be  selected  at  will.  To  experience  the  full  range  of  conditions 
possible  on  a  real  H.F.  link  measurements  over  many  11  year  sunspot  cycles  would  be 
necessa  ry . 

f)  Convenience 

The  research  beina  undertaken  at  York  involves  the  writing  of  much  software  for  link 
control  and  signal  processing.  The  problems  associated  with  testing  and  debugging 
software  are  greatly  reduced  when  operations  take  place  at  a  single  site  under  the 
controlled  conditions  found  with  a  simulator.  This  advantage  is  likely  to  be  found 
wherever  complex,  software  or  hardware  systems  are  being  developed. 


2.  REQUIREMENTS  FOR  AN  H.F.  SIMULATOR  FOR  USE  IN  AN  RTCE  ENVIRONMENT 

Many  H.F.  simulators  have  been  built  [Watterson  69b,  O'Reilly  82,  Cole  69,  Ralphs  & 
Sladen,  Matley  1975]  for  the  purpose  of  evaluating  modem  performance.  As  far  as  the 
author  is  aware,  no  other  H.F.  simulator  has  been  built  with  RTCE  systems  in  mind.  This 
section  outLines  the  specification  of  earlier  simulators  and  considers  changes  and 
additions  neccessary  for  the  RTCE  environment. 

Table  2.1  below  summarises  the  specification  of  a  typical  H.F.  channel  simulator  of 
the  type  used  for  modem  testing. 


Table  2.1 

Typical  H.F.  Channel  Simulator  Specifications 

a)  Propagation  Model 

Single  channel  setting  manually  controlled 

i)  multipath  delay  :  2-10  components  over  range  of  0-20ms  20uS  steps 

ii)  Fading  :  variable  fade  rate  on  each  channel  0.1-50CZ  ,  Rayleigh 
fading 

iii)  Doppler  shift  :  0.1  -  500Hz  switched  in  1,2,5  sequence 

b)  Noise  model 

i)  Gaussian  White  noise  variable  amplitude 

ii)  Impulsive  noise  :  Variable  pulse  rates  6  amplitude 


Several  extra  features  are  required  for  an  H.F.  simulator  to  be  useful  in  an  RTCE 
onvi ronment : 

a)  An  interference  model 

It  has  been  shown  that  interference  is  often  the  limiting  factor  in  an  H.F. 
environment.  Any  RTCE  system  must  therefore  consider  and  be  operated  in 
interference.  Thus  any  H.F.  smulator  for  use  with  RTCE  must  be  capable  of  simulating 
interference  to  some  degree.  It  should  also  be  noted  that  any  realistic  test  of 
modem  performance  would  also  require  the  effects  of  interference  to  be  taken  into 
a  c  count. 

b)  Multiple  channel  models 

The  prime  object  ,,f  RTCE  is  to  allow  the  selection  of  the  optimum  channel  for 
transmission  from  a  set.  of  available  channels,  with  least  disruption  to  normal 
communication.  To  observe  this  in  real  time  it  is  neccesary  to  have  a  simulator 
which  can  store  multiple  sets  of  channel  parameters,  any  one  set  being  selected  at  a 
given  time  by  the  RTCE  system. 

)  Time  variant  channel  parameters 

Whilst  considering  modem  testing  the  stationarity  of  previous  H.F.  simulators  is 
very  useful,  allowing  measurements  to  be  made  over  an  extended  period  of  time, 
enhancing  accuracy.  RTCE  system  perf ormanco  is  however  dependant  upon  its  ability  to 
react  to  changing  conditions.  It  is  therefore  neccessary  to  have  a  simulation  which 


produces  some  repeatable  time  variation  of  channel  parameters  to  allow  useful 
comparisons  between  different  techniques. 

The  following  subsections  discuss  the  individual  models  used,  or  to  be  used  in  the 
York  H.F.  simulator  in  more  detail. 


2.1  The  Watterson  H.F.  Channel  Model 

Watterson  [  Watterson  69a,  70  ]  suggested  a  model  for  H.F.  propagation  which  has 
become  widely  accepted  for  use  in  modern  H.F.  simulators.  The  model  is  based  on  the  use 
of  a  tapped  delay  line  to  produce  the  differential  time  delays  associated  with  multipath 
effects  (  Fig.  2  ).  Rayleigh  Fading  effects  for  each  multipath  component  are  achieved  by 
multiplying  the  signal  from  each  delay  line  tap  by  a  complex  tap  gain  function  Gn(t) 
with  a  bi-variate  Gaussian  amplitude  probability  density  function  and  Gaussian  spectrum. 
The  tap  gain  function  produces  a  signal  from  each  tap  with  the  Rayleigh  amplitude  and 
uniform  phase  probability  density  functions  associated  with  Rayleigh  fading.  The  fading 
rate  (doppler  spread)  is  determined  by  the  bandwidth  of  the  tap  gain  spectrum.  The 
relative  amplitudes  of  each  of  the  multipath  components  are  represented  by  the  amplitudes 
of  the  tap  gain  functions.  An  offset  may  also  be  added  to  the  tap  gain  function  spectrum 
to  repesent  frequencey  offsets  (  doppler  shift  )  due  to  changes  in  ionospheric  layer 
height . 

The  Watterson  channel  model  is  used  in  the  York  H.F.  simulator  as  it  represents  the 
best  defined  model  available.  Also  its  widespread  use  makes  it  a  de  facto  standard. 


2.2  Noise  Models 

Noise  at  H.F.  can  be  considered  under  several  categories  : 

a)  Galactic  noise 

b)  Receiver  noise 

c)  Atmospheric  noise 

d)  Unintentional  man  made  noise  (Electric  motors,  Electronic  equipment 

etc.  ) 

e)  Interference  (Other  radio  transmissions) 

Galactic  and  receiver  noise  can  be  considered  Gaussian  and  white  within  the 
bandwidth  of  an  H.F.  receiver.  For  many  H.F.  simulators  this  is  the  only  noise  source 
available.  However  the  levels  experienced  in  a  modern  H.F.  system  are  considerably  lower 
than  the  other  categories  mentioned  above.  Atmospheric  noise  is  mostly  caused  by 
electrical  storms  (Bolton  71,  Merkel  )  and  tends  to  consist  of  bursts  of  short  pulses 
associated  with  an  electrical  discharge,  separated  by  quiet  intervals  of  random  length. 
This  has  been  simulated  by  Bolton  (Bolton  71)  using  combinations  of  various  pseudo  random 
sequences  and  groups  of  asychronous  osciilators  generating  random  pulse  trains  of  varying 
amplitude.  Other  simulators  have  used  recordings  of  noise  found  on  a  real  H.F.  link. 
Matley  [Matley  751  suggests  that  the  pulses  are  usually  of  sufficient  amplitude  to  cause 
clipping  within  receiver  circiuts  and  as  such  recommends  the  use  of  a  single  level 
impulse  with  inter  pulse  intervals  having  an  inverse  exponential  distribution.  Currently 
no  atmospheric  noise  simulation  is  implemented  on  the  York  H.F.  simulator.  This  may  be 
added  in  the  near  future. 


2.3  T  n te  r f  erence 

2.3.1  The  importance  of  interference  to  H.F.  communications 

The  cha rac ter i s t  ics  of  interference  at  H.F.  have  been  considered  by  several  workers 
[Gott,  Wilkinson,  Cotterell,  the  main  conclusion  that  can  be  drawn  from  this  work  is  that 
interference  is  generally  dominant  over  other  sources  of  noise.  Some  typical  spectrograms 
of  activity  across  the  H.F.  bands  are  shown  in  Fig.  3,  a  probability  density  function  for 
unoccupied  areas  of  the  H.F.  spectrum  derived  from  these  spectrograms  is  also  shown  (  an 
occupied  part  of  the  spectrum  is  considered  to  be  where  a  signal  is  present  which  exceeds 
the  slicing  level  specified  ).  The  following  conclusions  can  be  drawn  from  Fig.  3: 

a)  Inf eference  levels  are  generally  lOdb  or  greater  above  the  noise  floor  shown  on 

the  spectra. 

b)  The  probability  of  finding  a  3kHz  wide  channel  free  of  interference  is  very 
sma 1  1  . 

A  change  in  signal  to  noise  ratio  of  lOdb  can  produce  changes  in  modem  error  rates  of  an 
order  of  magnitude  [Watterson  75].  Therefore  it  must  be  concluded  that  the  presence  of 
interference  is  a  very  important  factor  limiting  the  performance  of  H.F.  communications 
systems.  Thus  any  realistic  simulation  of  an  H.F.  channel  must  include  an  interference 

model  . 

2.3.2  Characteristics  of  interference  at  H.F. 

For  the  purpose  of  modelling  in  an  H.F.  simulator  interference  characteristics  are 
best  split  into  two  distinct  areas  : 

a)  Detailed  model  for  use  within  a  single  channel  (  spectral  shape,  time 
va  r  i  abi 1 i ty  etc.  ) 

a)  Broad  model  for  use  across  entire  H.F.  spectrum  (  ie  average  density  of 
interference  in  channels  XN.B.  only  applicable  to  simulators  dealing  with  multiple 
sets  of  stored  channels  ) 


The  detailed  model  of  interference  to  be  used  in  an  H.F.  simulator  is  possibly  the 
easiest  of  the  two  to  specify  since  much  interference  is  likely  to  emanate  from 
transmissions  of  a  digital  nature  using  a  single  or  multiple  sub-carrier  FSK  or  PSK 
modem;  other  sources  being  speech,  or  music  from  broadcast  stations.  The  time  variability 
of  the  interference  depends  on  three  factors  : 

a)  Fading 

An  interfering  signal  may  come  from  one  or  more  sources  each  of  which  will  be 
subject  to  fading  effects. 

b)  Transmission  duty  cycle  of  interfering  stations 

The  interference  may  be  continuous  (  broadcast  music  )  or  come  in  short  bursts  ( 
com ms.  speech  )  or  may  be  a  mixture  of  various  types. 

c)  Frequency  changes 

The  interfering  staion  may  change  its  operating  frequency  at  dusk  or  dawn  (  relative 
to  interfering  signal  ;  not  local  ),  or  for  some  other  reason 


The  problem  of  considering  the  broad  characteristics  of  interference  across  the  H.F. 
band  for  aplication  to  an  H.F.  simulator  is  much  the  same  as  considering  what  settings  of 
channel  characteristics  constitute  a  realistic  channel.  Interference  across  the  H.F. 
bands  has  been  examined  by  various  workers  [  Gott  ,  Wilkinson  ,  Cotterel  ]  which  give 
some  indication  of  the  probabilities  of  interference  occuring  at  various  levels  and 
within  various  bandwidths  (see  also  fig. 3).  Dutta  has  shown  [Dutta  82]  that  the 
probability  of  occurence  of  interference  is  independent  for  frequencies  separated  by  more 
than  about  1kHz  and  bases  his  measurements  on  the  concept  of  congestion  Q  for  a 
particular  band  . 

Q  =  Probability  of  finding  inteference  above  a  threshold  level  in  a  100Hz  bandwidth 

It  may  be  possible  to  use  use  a  figure  for  Q  as  a  parameter  when  setting  up  a  simulator 
for  RTCE  measurements.  The  simulator  would  then  use  some  pseudo-random  means  of  adding 
interference  which  would  satisfy  this  model  across  a  set  of  channels.  However  it  is  felt 
that  to  a  large  extent  interference  should  be  hand  tuned  to  investigate  the 
sucseptibility  of  systems  to  interfernce  (  as  are  other  simulator  settings  )  .This  is  the 
method  currently  used  in  the  York  H.F.  simulator  although  some  automatic  means  for 
setting  interference  levels  may  be  implemented  at  a  later  date. 

2.3.3  Requirements  for  an  inteference  simulation 

From  the  above  discussion  the  main  requirements  for  an  interference  simulation  can  be 
summarised  :- 

a)  Variable  interference  spectrum  shape  capable  of  simulating  one  or  more  H.F. 
modems  interfering  at  different  levels  or  speech/music  spectra 

b)  Control  of  overall  amplitude  of  interference 

c)  Time  variability  of  interference  (Fading) 

d)  Time  variability  of  spectrum  (changing  interference  pattern) 


2.3.4.  Proposed  interference  model 

In  order  to  fulfil  as  many  of  the  above  requirements  as  possible  whilst  still 
producing  a  model  which  can  be  constructed  in  hardware  with  reasonable  simplicity  the 
following  system  is  suggested.  Fig.  4  shows  a  block  diagram  of  the  proposed  interference 
simulation.  Fifteen  sinusoidal  generators  are  used  each  with  a  center  frequency  at  one  of 
the  CCIR  recommended  sub  channel  frequencies  for  H.F.  modems  [CCIR].  The  amplitude  of 
each  carrier  can  be  individually  controlled  and  each  may  be  individually  modulated  in 
amplitude  and/or  phase  (  +/-  180  degrees  )  ;  a  short  pseudorandom  sequence  is  suggested. 
A  modulation  rate  of  42.5  Hz  would  give  each  component  a  spectrum  whose  main  lobe  is 
within  its  own  particular  sub  channel.  Adjustment  of  individal  amplitude  levels  of  each 
sub  channel  would  allow  interference  with  an  arbitrary  spectrum  (  i  e.  speech  )  to  be 
simulated  whilst  other  modulation  rates  would  simulate  the  various  types  of  modem  found 
in  use  at  H.F..  The  final  interfering  signal  is  then  subjected  to  Rayleigh  fading  before 
mixing  with  the  output  from  the  propagation  model  of  the  simulator. 


3.0  THE  YORK  H.F.  SIMULATOR 

Fig  5  shows  a  simplified  block  diagram  of  the  York  H.t.  channel  simulator.  Rapid 
parameter  changes  are  made  possible  by  bringing  the  whole  system  under  the  control  of  an 
80  8  5  microprocessor.  Sets  of  channel  parameters  can  be  loaded  into  RAM  and  recalled  at 
will  with  a  single  command  over  a  serial  line.  The  multipath  delay  for  each  path  is 
achieved  using  a  separate  512  stage  CCD  delay  line.  The  clock  rate  for  each  delay  line  is 
generated  from  the  8085  system  clock  via  a  programmabl  e  divider.  After  the  delay  line  the 
overall  gain  of  each  channel  is  set  using  a  multiplying  D-A  converter  as  a  digitally 
controlled  attenuator.  Rayleigh  fading  (multiplicative  noise)  on  each  channel  is 
achieve,)  using  a  further  pair  of  multiplying  D-A  converters.  The  signal  is  split  into  two 
components,  each  component  being  multiplied  by  an  independent  Gaussian  noise  source.  One 
of  the  components  is  modulates  an  intermediate  frequency  sine  carrier  whilst  the  second 
modulates  a  cosine  carrier.  The  nett  result,  being  a  double  sideband  I.F.  with  a  random 
phase  and  Rayleigh  amplitude  probability  density  functions.  Each  of  the  Gaussian  noise 
components  is  generated  by  the  8085  cpu  by  digitally  filtering  a  maximal  length  pseudo¬ 
random  binary  sequence.  The  fading  rate  is  determined  by  the  sequence  clock  rate.  Doppler 


shift  is  incorporated  by  varying  the  frequency  of  the  I.F.  carrier  for  each  channel.  To 
produce  an  SSB  signal  the  first  I.F.  signals  from  each  channel  are  combined  and  up 
converted  to  452  kHz  where  they  are  passed  though  a  crystal  upper  sideband  filter. 
Synchronous  detection  is  used  to  convert  the  SSB  signal  back  to  baseband,  where 
inteference  and  additive  noise  can  be  added.  Table  3.1  summarises  the  simulator 
speci f ication. 


Table  3 .  1 

The  York  H.F.  Simulator  Speci f ication 


number  of  multipath  :  2  (Expandable) 

components 


Multpath  delay  range  :  0.5-15  ms 


Channel  attenuation  :  0  -  48db  linear  steps 


Fade  rate  :  >  20  to  <  2X10*3  Fades/s 

Doppler  shift  :  +/-100HZ 

C ha n ne  1  ba ndw  id t h  :  6  kHz  (depends  on  SSB  filter  used 

max=6kHz) 

Number  of  stored  channels  :  Greater  than  50 

Max  =  255  with  memory  expansion 

Inteference  model  ;  Fading,  Variable  spectrum;  modem  type 

interference 


3.1  Hardware  I mplemnta t ion  of  the  Interference  model 

An  outline  circuit  diagram  of  the  interference  simulator  used  in  the  York  H.F. 
simulator  is  given  in  Fig.  6. The  i mplemetation  was  chosen  to  use  minimum  hardware  whilst 
still  maintaining  maximum  flexibility.  Two  ROM  memories  store  delta  modulation 
coefficients  for  15  sinewave  components  at  the  CCIR  recommended  sub  channel  frequencies 
[CCIR  ]  and  are  all  multiples  of  85Hz.  A  12  bit  binary  counter  is  connected  to  the  ROM 
address  lines  and  cycles  through  the  full  address  range  at  a  rate  of  85Hz.  Each  data  line 
of  the  ROM  outputs  in  integral  number  of  cycles  of  a  particular  sub-carrier  for  each 
cycle  of  the  counter  (5  cycles  at  4  25Hz  to  33  cycles  at  2805Hz).  A  single  R-C  filter  is 
used  to  decode  the  delta  modulated  output  of  each  ROM  data  line.  Two  multiplying 

digital  to  analogue  converters  contol  the  amplitude  and  phase  of  all  16  sub-carriers; 
each  controlling  8  sub-carriers  in  a  time  division  multiplexed  mode,  coefficients  for  the 
d-a  converters  are  stored  in  a  dual  port  RAM.  The  top  three  ram  address  lines  are 
connected  to  a  fast  counter  and  an  eight  input  multiplexer  for  each  d-a  converter.  As 
each  sub-carrier  is  connected  to  the  d-a  converter  via  the  multiplexer  its  current 
amplitude  is  read  from  the  current  block  of  coefficients  selected  by  the  lower  ram 
address  lines.  The  2048  x  16  Ram  used  in  the  York  simulator  allows  a  sequence  of  256 
coefficients  for  each  sub  carrier  to  be  stored.  A  counter  clocked  at  the  required 
modulation  rate  is  connected  to  the  remaining  ram  address  lines  and  steps  through  the 
coefficients  allowing  modulation  by  pseudo  random  and  other  sequences  to  be  used 
individually  for  each  sub-carrier.  A  modulation  bit  rate  of  42.5Hz  could  be  used,  which 
would  limit  the  main  lobe  of  the  sinx/x  spectrum  to  a  single  sub  channel  with  sidelobes 
spreading  into  adjacent  sub  channels.  Although  this  limits  the  control  of  the  overall 
spectrum  shape  it  is  representative  of  real  interference  which  is  likely  to  have  been 
generated  by  a  similar  mechanism.  Modulation  bit  rates  of  50,  75,  110  etc.  could  also  be 
used  to  simulate  interference  from  common  digital  transmissions. 

The  possibility  of  storing  other  sets  of  waveforms  in  ROM,  such  as  a  truncated  sine 
pulse  giving  a  restricted  spectrum  mostly  within  a  single  sub  channel  is  also  open. 


4.0  CONCLUSION 

The  York  H.F.  simulator  has  not  yet  been  tested  in  a  full  RTCE  system,  so  little 
practical  evidence  of  its  usefulness  exists.  It  is  hoped  that  it  will  be  possible  to 
present  such  results  in  the  near  future. 

It  is  felt  that  the  simulator  described  will  be  an  invaluable  tool  for  work  with 
real  time  channel  evaluation  systems,  allowing  quantitative  comparisons  between  different 
techniques  to  be  performed  in  a  well  defined  and  repeatable  environment.  Also  much 
greater  insight  can  be  gained  into  the  weaknesses  and  strengths  of  particular  channel 


evaluation  and,  or  selection  technique  when  using  a  simulation;  because  of  the  ability  to 
isolate  the  effect  of  a  particular  channel  parameter.  This  has  of  course  already  been  the 
case  when  conducting  modem  tests  with  previous  H.F.  simulators. 

The  inclusion  of  an  interference  simulation  in  H.F.  simulators  is  essential  if  a 
realistic  environment  is  to  be  recreated  for  H.F.  systems  testing  whether  it  be  for 
modem,  RTCE  or  other  types  of  equipment.  The  white  and  impulsive  noise  models  used  in 
previous  simulators  whilst  giving  useful  comparative  performance  figures  cannot  provide 
adequate  information  on  system  performance  in  the  prescence  of  narrow  band  interference 
s  ich  as  often  found  in  the  H.F.  bands.  This  is  particularly  important  when  assesing  the 
performance  of  RTCE  systems. 

The  stationary  statistics  model  for  H.F.  propagation  used  in  many  previous  H.F. 
simulator  designs,  whilst  advantageous  for  modem  testing,  must  be  replaced  by  a  model 
with  time  varying  statistics  if  RTCE  systems  are  to  be  tested.  This  is  because  the 
performance  of  such  a  system  is  highly  dependant  on  its  reaction  to  changing  propagation 
conditions.  Also  the  type  of  time  variance  needs  more  consideration  although  a  simple 
linear  time  variance  is  proposed  as  an  initial  starting  point,  with  some  channels 
deteriorating  and  some  improving  all  at  different  rates. 

An  ability  to  store  and  rapidly  switch  between  different  sets  of  channel  conditions 
is  highly  desireable  if  an  H.F.  simulator  is  to  be  used  to  test  the  performance  of  a  real 
time  channel  evaluation  system. 

More  work  is  needed  to  determine  a  realistic  set  of  channel  conditions  to  use  for 
comparative  testing  of  RTCE  systems.  Factors  such  as  interference  levels  and  density 
across  a  set  of  channels  and  the  spread  of  channel  characteristics  representing  a 
realistic  link  should  be  considered  to  provide  a  small  set  of  standard  atmospheres. 
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DISCI  SSION 


l>.  VBradlex.  t  k 

5  ou  state  i me i  let  cnee  levels  aic  genet alls  I  0  JU  or  grcatci  above  ihc  noise  floor  shown  on  ihe  spectra'.  I  hci e  nmsi  be 
oihei  intei  leu  nee  Inn  sis  on  I  \  nisi  exceeding  ihe  noise.  Also  with  a  sweep  ol  75  see  given  in  I  he  examples  ol  I  igurc  5 
some  ol  ihe  spikes  max  lesiili  Irom  wideband  atmospherics  not  present  at  othei  sweep  instants.  I  low  can  xon  kll.  foi 
example,  will)  the  tilth  sample  ( man  I  line  mobile)  whether  there  are  mix  clear  channels'’  VVhal  is  the  definition  of  a  clear 
v  h.innel  ’  Should  n  be  related  lo  ihe  lowest  measured  power  spectral  rlensitx  or  to  reference  CCIK  noise  data  ’ 

Uithnr's  Kcplx 

l  I  )  Ihe  spectra  show  n  are  the  result  ol  averaging  several  sweeps  so  as  to  minimise  the  effect  of  short  bursts  ol  noise, 
atmosphet  te  oi  >  >therxx  ise 

i  7  )  I  or  the  pm  pose  ol  the  histogram  shown  (I  igurc  a)  the  results  were  obtained  bx  measuring  widths  ol  gaps  between 
spectral  peaks  exceeding  a  threshold  of  —  I  US  dlim. 

I  he  histogtam  shows  the  proportion  of  gaps  in  a  particular  si/e  range,  i.e.  0-  24u  1 1/.  25(1  -  4W  1 1/  etc. 

I  ;  i  I  ora  particular  system  the  question  ol  w  hether  or  not  a  channel  can  be  considered  clear  of  interference  depends 
xerx  much  on  the  ehataeleristies  ol  that  partieulat  svstem.  i.e.  received  signal  levels  relative  to  the  interference,  fine 
structure  ol  the  interference  ami  signal  spectra. 


K.W  Jenkins.  (  a 

In  I  igurc  4  ol  s on t  paper,  the  lading  generator  lot  the  interference  simulation  block  occurs  after  the  various  tones  are 
summed  I  his  implies  that  the  ladine  will  occur  ci|uall\  on  all  tones,  and  that  lot  the  present  system.  frequency-selective 
lading  o|  the  inlet  let ence  w  ill  not  be  simulated.  Is  this  interpretation  cot  reel.  and.  if  so.  do  you  cnx isage  extending  the 
simul.itoi  m  the  luture  to  cover  lrci|Ucnc\  -seleelixe  tailing  ol  intei lerenee.’ 

Vuthur's  Keplx 

5  on i  i me i  pt  elation  ol  I  mure  4  is  cot  reel.  I  rcquencx  select ix  e  lading  ol  the  interference  is  not  possible  with  the  current 
simul.itoi  desum.  although  lrei|tienex  selective  lading  could  be  simulated  in  a  limited  manner  bv  variation  of  individual 
tone  . i mpli t tides  using  the  attenuators.  I  he  iik lusion  ol  t  rcquencx  selective  lading  in  the  luture  will  depend  on  w hether 
.a  not  it  appeal  s  a  neccssitv .  based  on  com  pat  icons  w  ill  i  the  III  link  being  set  up  at  York. 


I  )IS(  l  SS|{  )\  Ol  Si  SSIOS  III 


M.  Hnilhias 

(  >  mid  ss  c  dtsi  uss  t  In-  use  ■  4  Kiimmlei  nu  >dcl  I  ii  ss  li.ii  cstcm  di  ics  K  ii  in  ink' i  nn  ulel  lad  mu  si  nuil.il  c  i  cal  I  ail  mu  ' 

I >r  I InlTmiscr 

I  it .  1 1 1  \  have  iii '  I  ii  1 1  lif  i  fi'innif  ills  i  hi  i  lif  Kiininilf  i  model  bcsond  those  iii  ms  papci .  Il  does  seem  to  be  a  model  that 
has  I  if  c at  |  Mi  kul  up  In  a  \  ai  lets  ol  people  in  the  lie  Id.  both  inside  mid  outside  Hell  I  alls.  I  think  that  llicic  is  a  definite 
d  i  si  i  IK  lion  bclsscc  n  die  Kiini  in  le  i  mode  I  appi  oaf  Ii  as  opposed  to  eai  her  approaches  nsinu  a  lapped  dclas  line  model  as 
Jc  si  i  bed  Ii  n  example  bs  Hello  ( m  i  AKI  >  (  onleienee  I’lofeeilmus  No  244.  <  lelobci  1077  pp  171  lo  1214). 

I)r  Hi  Ii  use 

Ii  is  sets  important  that  the  simulated  tadio  ti ansmission  channel  heals  some  lesembl.iiife  to  the  leal  world  and  I  stucss 
noils  ol  the  speakeis  this  nioi  in  nu  adiliessed  that  sub|ee  l  pat  denial'll .  Wc  intend  In  ti  \  to  assure  that  out  channel 
"iimilaloi  is  sun  n  la  line  die  land  mobile  ehannel  t  both  lei  test  t  ial  links  anil  satellite- to- uroutiil  lulls  s|  In  the  Inflow  ini: 
ills  .ms  \\  s  lulls'  a  mobile  sail  in  ss  Inch  sis  can  ill  lie  around  inside  cities  and  in  the  suburbs  and  count  is  side  and 
nu  asms  sal  ions  paisinis  ls'i  s  ol  ills  siun.il  multipath  p.iramelers  as  well  as  detailed  signal  lading.  \\  e  will  also  be 
iiiakiiu:  ms  asm  s me nis  ol  bit  s a  ioi  iaie  loi  pat  denial  data  rales  and  modems.  We  \s  ill  then  lest  these  same  ei|uipments 
in  l Its  laboialot  s  inisls'i  s  li.inuel  s i m n 1. 1 1 1 ■  u i  .iml  Us  to  eel  the  same  kind  ol  answers  and  ti \  to  make  out  simulated 
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I  inline  ihi  i  "lies  btiak  an  addnion.il  iok  came  up  ss  Inch  seems  to  be  i|uilc  uselul.  especial  Is  lot  the  hardware  t  s  pc  of 
inml.it'  'i  on  ss  Inch  s  on  can  test  ci|  in  pine  ill  Sueh  si  m  iil.il  i  n  s  eoulil  be  a  reasi  mablc  ss  as  ol  It  amine  operators,  because 
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Les  valeurs  citees  des  distorsions  parasites  dans  la  bande  utile  sont  donnees  a  la  figure  9  en 
fonction  de  n.  On  constate  que  la  degradation  de  la  qualite  devient  inportante  lorsque  n  est  inferieur  ou 
egal  a  8  et  est  negligeable  pour  n  superieur  ou  egal  a  11. 


5  -  CONCLUSION 

Cette  etude  a  determine  les  parametres  principaux  d’un  filtre  lineaire  transversal  a  coeffi¬ 
cients  complexes  utilise  pour  reproduire  les  fonctions  de  transfert  mesurees  du  canal  hertzien  .  Afin 
d’assurer  une  bonne  qualite  de  reproduction,  un  nombre  minimal  de  treize  coefficients  complexes  est  neces- 
saire.  Ceci  oblige  a  un  effort  technol ogique  important  quant  a  la  realisation  pratique  du  filtre,  etant 
donne  le  risque  d' accumul ation  des  defauts  le  long  de  la  chaine  de  treize  cellules.  Le  filtre  est  en  cours 
de  realisation  a  la  Societe  Anonyme  des  Telecommunications  (SAT)  -  FRANCE. 

Ce  type  de  simulateur  permettra  une  analyse  beaucoup  plus  fine  des  performances  des  systemes 
hertziens  en  presence  d'evanouissements  selectifs.  Plus  particul ierement,  les  systemes  de  synchronisation 
et  d'egal i sation  auto-adaptati ve  pourront  etre  etudies  de  maniere  dynamigue  en  laboratoire,  sur  des  evene- 
ments  reels.  Ceci  devrait  permettre  de  caracteriser  les  equipements  non  plus  seulement  par  leur  signature, 
mais  aussi  par  des  cri  teres  prenant  en  compte  la  vitesse  devolution  du  canal  de  transmission. 
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•.  n  nonbre  important  de  simulations  sur  ordinateur  a  pernis  de  determiner  le  no  more  minimal  de 
coefficients  en  f one t i on  des  plages  <le  variation  des  parametres  do  propagation.  Le  retard  a  une  valeur  na- 
«inalo  arise  egale  a  u.JHS  0  ,  ce  gui  correspond  a  b,b  ns  pour  H  -  7U  MHz. 

ie  nonbre  minimal  retenu  est  de  treize  coefficients.  II  conduit  a  une  bande  utile  de  1 'ordre  de 
’b  et  des  distorsions  Crete  maxi  males  dans  cette  bande  do  U,1  dl!  en  amplitude  et  0,1  I)  en  TPG.  Le  defaut 
de  poursuite  est  mferieur  a  0,9  dB  en  amplitude  et  0,4  0  en  TPG. 

La  figure  5  donne  les  gaharits  definissant  les  regions  dans  lesguelles  se  situent  1 'ensemble  des 
distorsions  parasites  calculees,  (exception  faite  des  defauts  de  poursuite). 

La  valeur  du  retard  elementaire  est  choisie  en  fonction  des  degradations  dues  aux  defauts  en 
hord  de  bande.  La  figure  6  donne  la  valeur  des  degradations  obtenues  pour  une  probabilite  d'erreur  de 
I0'°  en  fonction  de  la  oeriode  du  filtre.  Les  distorsions  utilisees  dans  ce  cas  correspondent  aux  dis¬ 
torsions  paraboligues  maxinales  compte  tenu  des  gabarits  obtenus  precedement.  le  retard  elementaire  rete¬ 

nu  est  de  14,29  ns,  soi t  une  periode  B  =  70  MHz. 

4  -  ASPECTS  TECHNIJLOGIQUCS 

L 1  implantation  du  filtre  decrit  au  paraqraphe  precedent  pent  etre  effectuee  soi t  en  FI,  soi t  en 
bande  de  base,  Bien  que  la  solution  en  FI  presente  de  nombreux  avantages  (structure  deux  fois  moins 
conplexe  et  directement  adapter  a  (’insertion  dans  la  partie  FI  du  recepteur),  elle  necessit?  une  preci¬ 
sion  sur  ’es  valeurs  des  retards  di f f ici lement  compatibles  avec  la  technologie  actuelle.  Contrai rement  aux 

■systemes  auto-adaptati  f  s,  la  precision  reguise  sur  les  retards  est  directement  liee  a  la  precision  inposee 

sijr  les  coefficients.  Pour  cette  raison,  la  solution  en  bande  de  base  a  ete  retenue.  Sa  structure  generale 
est  donnee  a  la  £igure  7. 

Les  defauts  lies  a  1 'implantation  du  filtre  sont  principalement  dus  a  la  precision  sur  les  re- 
f  i r  is  et  a  la  quantification  des  coefficients.  Leur  influence  sur  la  qualite  des  fonctions  de  transfert 
roernduites  est  analysee  oar  simulation  sur  ordinateur. 

4.1  Precision  des  retards 

Les  distorsions  parasites  dues  a  une  imprecision  sur  les  retards  sont  analysees  de  la  maniere 
s  liv.mto.  fbaque  retard  est  consider!  comme  une  variable  aleatoire  equirepartie  sur  j^fM  1  -p/200 ) ,()( l+p/200 ) 
cni  p  represents  en  pourcent  la  precision  relative  pour  1 'ensemble  des  coef f i cients. Pour  des  valeurs  des 
oar, metres  de  propagation  fixees,  les  distorsions  parasites  sont  calculees  pour  differentes  valeurs  des 
variables  iloatoirog.  In  exemnle  de  distorsions  particul ierement  fortes  parmi  tous  les  cas  qui  ont  ete 
etudies  est.  donne  a  la  figure  A.  Les  distorsions  parasites  sont  tracees  pour  p  =  l,  A  *20  dB,  T  r  = 
‘■.bns  or  rc  --v,2.  !e  defaut  do  poursuite  est  tres  peu  affect!  par  la  pr!cision  des  retards  tant  que  p 
roqte  infnrieur  a  ?  ,  l'effpf  principal  portant  sur  les  distorsions  dans  la  bande  utile.  L' ensemble  des 
simulations  po  f  d'ohtenir  la  valeur  crete  des  distorsions  parasites  maximales  dans  la  bande  utile.  Pour 
1.  i  oft, tii,  des  valeurs  i retes  de  o,?  dll  en  amplitude  et  0,1  en  TPG.  Une  precision  relative  de  1 
>  l'obu.rtif  min'-vil  i  respecter  lorg  de  1  ’  implantation. 

1.  el”'  1  ‘  1  r  1 1  i  or  go-.  ,'.-.ef  r  ir  ient' 

.  <  ’ .  .  i  er  G  vi:is-.-e.,em|,le  ♦r.ii  foment  des  donnees,  les  coefficients  sont  stockes  sous  la 

■'  •  •-  ■  .  -v  -ts  i - 1 .  res  d', of  pi  element  hi na ire  pour  le  siqne).  L'analyse  de  l'effet  de  la 

'■  fo.  'ii’or  d ' 1 1 r i ■  la  longueur  n  des  mots,  d'autre  part  la  dynamigue  reguise  sur 

'■•  ••  .  i*  ■  ,  i  ;  i  ’  n  »  i’’  I.-  j *  i  1  i  , oo s  f::ii,r  les  operations  de  nu  1 £  i pi  icat. i on. 
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0  Tf  ^  5,5  ns  i 

0  ^  Amax^20dB  ^ 


(10) 


Les  enregistrements  effectues  pendant  un  mois  particulierement  defavorable  montrent  que  la  valeur  de  5,5ns 
n'a  ete  depassee  que  pour  1  %  des  cas  et  que  sa  fonction  de  repartition  est  independante  de  la  profondeur 
d'evanouissement  [3].  Cette  valeur,  associee  a  la  limitation  de  Am,,,  a  20  dB  conduit  a  une  prise  en 
compte  de  90  %  des  cas  ou  la  marge  nette  mesuree  de  la  liaison  a  ete  depassee. 

3.2  Objectifs  et  cri teres  de  qualite 

La  sensibilite  des  systemes  hertziens  aux  evanouissements  selectifs  est  mesuree  par  la  degrada¬ 
tion  de  la  probabilite  d'erreur  pour  un  rapport  signal  a  bruit  (SNR)  donne.  Cette  degradation  est  souvent 
exprimee  en  decibel,  et  correspond  alors  a  l'accroi ssement  necessaire  du  SNR  pour  maintenir  la  probabilite 
d'erreur  a  sa  valeur  en  l'absence  de  defauts  de  propagation. 

Un  objectif  majeur  dans  le  choix  des  parametres  du  filtre  est  de  rendre  1 'effet  sur  la  probabi¬ 
lite  d'erreur  des  distorsions  parasites  dues  aux  defauts  de  reproduction  des  fonctions  de  transfert  negli- 
geable  par  rapport  a  la  degradation  due  a  1 'evanoui ssement  selectif  meme.  On  peut  classer  ces  distorsions 
parasites  en  trois  categories  : 

1  -  Defaut  de  poursuite  :  il  correspond  a  l'ecart  entre  la  fonction  de  transfert  mesuree  et  reproduite  a 
la  frequence  du  creux  de  1 ‘evanoui ssement.  Ne  changeant  pas  fondamentalement  la  nature  des  distorsions 
mais  simplement  la  profondeur  de  1  'evanoui ssement,  il  est  considere  cornie  peu  critique. 

2  -  Oecrochages  en  bord  de  bande  :  la  fonction  de  transfert  donnee  par  1 'equation  (1)  etant  periodique  et 
continue,  la  qualite  de  reproduction  sera  necessairement  mediocre  en  bord  de  bande.  On  est  ainsi  amene  a 
definir  la  bande  utile  du  filtre  (exprimee  en  pourcentage  de  la  bande  totale  B)  qui  represente  la  bande  de 
frequence  maximale  dans  laquelle  les  effets  de  bords  n'ont  pas  d‘ incidence  sur  la  qualite  de  la  reproduc¬ 
tion. 

1  -  Distorsions  dans  la  bande  utile  :  ces  distorsions  dues  au  nombre  limite  de  coefficients  du  filtre  sont 
generalement  moins  marquees  que  les  precedentes.  Elies  doivent  toutefois  etre  maintenues  dans  des  gabarits 
tels  que  leur  influence  soit  negligeable  sur  la  degradation  de  la  probabilite  d'erreur. 

La  figure  3  ou  sont  tracees  les  fonctions  de  transfert  en  amplitude  et  TPG  met  en  evidence  ces 
differents  defauts  pour  L=6,  Amax  =  20  dB,  Tf  =  0,385  et  rc  =-0,1.  De  meme  la  figure  4  montre  les 
distorsions  parasites  obtenues  par  difference  des  fonctions  de  transfert  mesuree  et  simulee  pour  les  memes 
valeurs  des  parametres. 

3.3  Choix  des  parametres 

La  bande  utile  minimale  requise  ainsi  que  les  gabarits  des  distorsions  acceptables  dans  cette 
bande  sont  directement  fonction  des  caracteristiques  du  systeme  de  transmission  (debit,  modulation).  Le 
simulateur  est  congu  pour  tester  les  sytemes  a  140  Mb/s  et  utilisant  une  modulation  MAO  16  en  cours  de 
developpement  pour  le  reseau  franqais  dans  la  bande  superieure  des  6  GHz. 
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Bifterentes  fonctions  de  ponderation  ont  ete  analysees  au  cours  de  cette  etude.  II  est  apparu 
que  les  allures  extremement  variables  des  fonctions  de  transfert  a  reproduire  ne  permettaient  pas  de  defi- 
ni  >•  mu  stratenie  globale  pour  le  choix  de  cette  fonction.  D’autre  part,  les  amel i orations  obtenues 
etu’ent  ‘aihles  comparers  au  cas  sans  ponderation.  Ceci  nous  a  conduit  a  prendre  : 

?il  1  -  I  ,  pour  jl^  1/?  (6) 

Hans  ce  cas,  l'analyse  de  1 'equation  (4)  montre  que  le  vecteur  de  dimension  2L  +  1  est  la 

transformer  de  Courier  discrete  du  vecteur  S  de  dimension  2N*1.  On  en  deduit  que  1  ‘erreur  quadratique 
est  nulle  lorsque  la  condition  N=L  est  satisfaite,  et  que  cette  condition  conduit  aux  oscillations  minima- 
1  es  entre  les  points  de  test  pour  un  nombre  de  points  “1  donne.  Le  vecteur  ii °PVepresente  alors  les  coeffi- 

a/ 

cients  de  la  serie  de  Fourier,  tronques  a  2L  +  1  element  de  S(i')  periodifiee  (de  periode  B). 

Afin  de  reduire  les  effets  de  la  troncature,(_»<0^est  pondere  par  application  d'une  fenetre  tem- 
porelle.  Nous  avons  retenu  la  fenetre  de  Kaiser-Besspl  [2]  dont  1 'echanti 1  Ion  de  rang  k  est  donne  par  : 


Jr’-  V 1  -  <  k/L  ) 2  ] 

k  s  -  L  L 

(7) 

/oH 

x  > 

ou  I  (at)  est  la  fonction  de  Bessel  modifiee  de  premiere  espece  d'ordre  zero.  /3  a  ete  choisi  egal  a  6. 
3  -  PERFORMANCES  OU  FILTRE 


3.1  Modele  de  test 


Afin  de  prevoir  les  performances  du  filtre  sur  un  maximum  de  cas  et  avec  simplicite,  un  modele 
analytique  du  canal  a  ete  retenu  dans  un  premier  temps.  C’est  le  modele  a  trois  rayons  simplifie  dont  la 
fonction  de  transfert  en  bande  de  base  est  donnee  par  : 


S(  i  )  =.  a 


_  'y  2  n  (  r  -  i'c  ) 
be  * 


(8) 


ou  a  represente  la  composante  aperiodique  de  1 'evanouissement,  b  I'amplitude  et  Tr  le  retard  (non  norma¬ 
lise)  du  rayon  reflechi,  rc  le  derentrage  de  1 'evanoui ssement  par  rapport  a  la  frequence  centrale  du 
canal.  Le  signe  de  r  r  determine  le  caractere  minimum  ou  non  minimum  de  phase  de  1  'evanoui ssement.  La 
profondeur  de  1 'evanouissement  est  reliee  a  b  par  la  relation  : 


Ama*  r  -2°,09(0(l-b)  ,  bs<1  <«> 

(dB) 

Le  parametre  a  est  choisi  egal  a  1  pour  l'ensemble  des  simulations  effectuees,  seules  les  dis- 
torsions  etant  approximees  par  le  filtre  (voir  paragraphe  2.1).  Les  plages  de  variation  des  parametres 
Amax  'n  Tr  ont  ete  choisis  en  fonction  des  mesures  effectuees  sur  la  liaison  ou  ont  ete  enregis- 
trees  les  fonctions  dc  transfert.  Les  valours  retenues  sont  : 


2.2  Methode  de  calcul  du  filtre 


La  fonction  de  transfert  d'un  filtre  complexe  est  donnee  par 


H(  r  ) 


(*.  e  « 

k 


(1) 


oii  (2L+1)  est  le  nombre  de  coefficients  (<i0  representant  le  coefficient  de  reference),  0  le  retard  elemen- 
taire  du  filtre  etii^le  coefficient  d'ordre  k.  La  fonction  de  transfert  est  periodique  de  periode  B=l/0  . 
Dans  la  suite,  frequences  et  temps  sont  normalises  respecti vement  a  B  et  0  . 


Le  critere  retenu  pour  le  calcul  des  coefficients  est  le  critere  de  l'erreur  quadratique  mini- 
nale  qui  s'exprime  par  : 

V2 


lin  Q 

)  ,*  > 
t  <V 


P ( r  )  1  S  (  v)  -  H(r)l  di 


(2) 


ou  $(  i'  )  est  1 'equivalent  en  bande  de  base  de  la  fonction  de  transfert  a  approximer  et  P(  r  )  une  fonction 
de  ponderation  permettant  de  privilegier  certaines  composantes  spectrales.  Rappelons  que  le  critere  tient 
compte  a  la  fois  de  l'erreur  sur  1 'amplitude  et  la  phase. 


Disposant  de  S(  r  )  sous  forme  echanti 1 lonnee,  la  version  discrete  de  (2)  que  nous  utiliserons 


s  ecrit  : 


m  in 


k  > 
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Q  =1 
&  n  =  -  N 
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(3) 


oii  (2M+1)  est  le  nombre  de  points  pris  en  compte  par  le  critere  et  Pn  (respecti vement  Sn  et  Hn)  est 
la  valeur  de  P(r)  (respecti  vement  S(r)  et  H(r))  pour  r-  n/(2N+l). 

Les  coefficients  optimaux  sont  alors  donnes  par  : 
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a  vec  : 
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(  ♦-  desiqne  la  conjunaison  complexe). 


L'erreur  quadratique  mininale  est  : 


si1'  '  1  ‘ absence  de  donnees  dynamiques  assoc iees  a  ce  nodele,  ce  qui  rend  impossible  la  simulation  d'une  se- 
|ue"Ce  d  ‘evanou  i  ssei-ients  on  temps  reel  qui  soi  t  significative.  Ce  dernier  point  cst  particul  ierenient  im- 
pjrtint  |  our  l'analyse  du  conportement  de  sous-ensemhles  .iiito-adapt.it  i  fs  du  recepteur,  par  exemple 
soiis-onsembles  de  synchronisation  et  (i'egal  isati on. 

Let  article  presente  1 'etude  d'un  nouveau  simulateur  base  sur  la  reproduct  ion  de  fonctions  de 
transfert  nesurees  sur  le  site.  Depuis  plusieurs  annees,  les  etudes  de  propagation  nenees  au  CNET  CAB  ont 
donne  lieu  a  1  'enregistreiaent  de  fonctions  de  transfert  en  amplitude  et  temps  de  propagation  de  groupe  sur 
une  liaison  experimentale  de  ft)  km  de  long  fonctionnant  a  11  GHz.  La  bande  d'analyse  est  de  4UL1  MHz  et  les 
‘'sanctions  do  transfert  nesurees  tous  les  l./ltteme  de  seconde  [  1  ] .  Le  simulateur  etudie  utilise  la  banque  de 
loanees  ainsi  const ituee  et  permet  de  reproduire  les  distorsions  enregistrees  dans  one  bande  utile  de  6u 

Le  principe  general  du  sinulateur  ainsi  gue  la  methode  retenue  pour  le  traitenent  des  donnees 
sont  ;  resent.es  au  paragraphe  2.  Les  caracteristiques  du  filtrage  et  les  performances  ‘heoriques  sont  de¬ 
tail  lees  au  paragraphe  3.  tnfin  le  paragraphe  4  analyse  les  probl ernes  technologiques  lies  a  la  realisa¬ 
tion  de  ce  type  de  simulateur. 

i  -  hpi’l::pl  cr  methode  de  calcul 

Principe  du  simulateur 

Le  principe  retenu  dans  cette  etude  est  de  reproduire  la  fonction  de  transfert  mesuree  par  1 1 i n - 
ternediaire  d’un  filtre  transversal  lineaire  (Figure  1).  L’ahsence  de  condition  de  symetrie  hermi tienne 
impligue  la  necessite  d'utiliser  un  filtre  a  coefficients  complexes.  Le  schema  general  du  simulateur  est 
tonne  a  la  figure  2.  nn  distingue  trois  sous-ensembles  : 

I i i  Sous -ensemble  de  donnees 

etto  partie  assure  le  calcul  des  coefficients  complexes  du  filtre  pour  cbaque  fonction  de  transfert  a  re¬ 
produire.  Ce  traitement  peut  etre  effectue  en  differe.  11  convertit  la  banque  de  donnees  initiale  en  une 
ntr»  banque  de  donnees  directement  exploitable  par  le  simulateur.  Notons  qu'il  est  egalement  possible  de 
simuler  n'importe  quel  type  de  fonctions  de  transfert  obtenues  par  modelisation  analytique  du  canal  de 
transmission,  re  principe  retenu  pour  le  stockage  des  donnees  apres  traitement  permet  de  reproduire  un 
ovenement  d'une  duree  maximale  d'une  minute,  ceci  sans  interruption. 

■'Mi  uous-ensemble  de  comnande 

i  :  irfie  omn.inde  et  controle  est  orqanisee  autour  d'un  microprocesseur  16  bits.  File  assure  le  transfert 
des  doom  vers  le  filtre  et  controle  le  deroulement  de  1 'experi mentation  en  temps  reel.  La  souplesse 
d'un  fel  , yst.no  permet  de  reproduire  un  evcnement  a  une  cadence  choisie  par  1  'operateur,  du  defilement  a 
vit."  .sc  ••pc1  l.>  jiiviu'au  hloguage  du  filtre  dans  une  configuration  determi  nee. 

■■I  i|iin  de  filtrage 

.  f  i  I  •  •  ••  :■•■  .pro-’ent  dit  s'insere  dans  la  partie  en  frequence  i  n  termed!  a  i  re  du  recepteur.  Un  attenuateur 
.'wr-i.rii'  1  i  i  >-st  associe  af  in  de  separer  les  fonctions  de  reproduction  des  distorsions  et  de  l'attenua- 
?•'.•■  d,  aril,  .et  te  separation  est  particul  ierenent  utile  pour  diminuer  la  precision  absolue  reguise  pour 
1 .  "‘in  Toots  du  filtre,  les  evanouissemonts  selectifs  etant  accompaunes  d'une  attenuation  aperiodigue 
j .  •  Lao.  |o  p.'uit  couple  en  sortie  dp  1  ‘  attenuateur  facilite  la  nosure  de  taux  d'erreur. 
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ABSTRACT 


This  paper  presents  the  theoretical  study  of  a  new  type  of  channel  simulator  for  line-of-sight  digital  ra¬ 
dio  systems.  The  basic  principle  is  to  reproduce  channel  transfer  functions  measured  in  the  field  during 
multipath  propagation  activity,  by  driving  a  complex  linear  transversal  filter  with  precomputed  data.  The 
criterion  used  for  calculating  the  values  of  the  filter  taps  for  each  transfer  function  is  the  minimum 
mean  sguare  error  criterion.  It  is  shown  that  a  thirteen-taps  complex  transversal  filter  with  a  period  of 
70  MHz  in  the  frequency  domain  leads  to  accurate  simulations  of  selective  fading  transfer  functions  in  a 
50  MHz  bandwidth.  Finally,  technological  features  are  investigated.  Effects  of  the  accuracy  in  the  delays 
implementation  and  of  the  tap-weight  quantification  are  particularly  analyzed. 

1  -  INTRODUCTION 

La  qualite  des  faisceaux  hertziens  numeriques  a  moyenne  et  grande  capacites  est  principalement 
affectee  par  les  phenomenes  de  propagation  par  trajets  multiples.  Ces  periodes  de  propagation  anormale 
sont  responsables  de  l'apparition  d'evanouissements  selectifs  se  traduisant  par  des  distorsions  a  la  fois 
d'amplitude  et  de  temps  de  propagation  de  groupe  (TPG)  dans  la  fonction  de  transfert  du  canal.  Afin  de 
premunir  les  systemes  de  transmission  par  voie  hertzienne  contre  des  temps  de  coupure  inacceptables  dus  a 
la  propagation,  des  dispositifs  correcteurs  sont  generalement  associes  au  recepteur  de  structure  classi- 
que.  Parmi  ceux-ci,  les  egaliseurs  auto-adaptatifs  commandes  en  bande  de  base  representent  le  moyen  de 
compensation  le  plus  puissant. 

La  necessite  de  prevoir  le  temps  de  coupure  d'une  liaison  amene  a  caracteriser  les  performances 
du  systeme  en  presence  de  propagation  par  trajets  nwltiples,  done  a  pouvoir  disposer  en  laboratoire  d'un 
simulateur  d'evanouissements  selectifs.  Les  simulateurs  classiquement  employes  sont  realises  selon  un  mo- 
dele  simple  du  canal  hertzien  :  modele  a  deux  rayons  dont  1 'un  est  retarde  de  maniere  fixee,  avec  commande 
de  la  frequence  du  creux  de  l'evanouissement  et  de  sa  profondeur.  Realises  en  hyperfrequence  ou  en  fre¬ 
quence  intermedia!' re  (FI),  ils  representent  un  outil  simple  permettant  la  caracterisation  du  systeme  de 
maniere  statique,  par  exemple  par  releves  de  signatures.  Toutefois,  l'efficacite  de  tels  simulateurs  est 
1 imi tee  par  : 

(i)  Une  reproduction  de  fonction  de  transfer t  selon  un  modele  fige  qui  est  loin  de  correspondre  avec  pre¬ 
cision  a  1'ensemble  des  cas  ef fecti vement  observes.  Entr'autres,  la  caracteri  stique  en  phase  de  la  fonc¬ 
tion  de  transfert  simulee  est  determinee  de  maniere  unique  une  fois  la  caracteri stique  en  amplitude 
donnee.  D'autre  part,  ce  modele  n'autorise  gu'un  seul  type  de  transition  entre  evanouissements  a  minimum 
et  non  minimum  de  phase. 
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I  lie  papers  presented  in  this  session  were  all  oriented  toward  the  common  goal  of  improved  communications  In 
reducing  the  deleterious  effects  ol  lading,  multipath,  and  inlcrlercncc  through  the  use  ol  advanced  signal  processing  schemes 
Noil-adaptive  as  well  as  adaptive  techniques  were  discussed  and  it  is  apparent  that  the  approach  one  might  select  is 
dependent  upon  the  requirement,  the  operational  cm ironment  and  the  lunding  available.  I  he  most  complex  scheme 
presented  combined  time  littering  techniques  w it h  spatial  filleting  techniques  to  suggest  the  possibility  for  a  dramatic 
improvement  in  the  ability  to  provide  reliable  communications  in  a  hostile  environment  Although  complex  approaches  such 
as  this  combination  ol  spread  spectrum  technology  and  adaptive  antenna  tcchnologv  have  been  postulated  and  simulated 
l hey  have  vet  to  be  ev  aluated  through  field  demonstration.  Perhaps  a  more  detailed  treatment  ol  this  area,  adaptive  antenna 
anil  signal  processing  techniques,  would  be  appropriate  through  a  specialists  meeting  in  the  future. 

I  he  papers  presented  by  Olaisen  (paper  27).  and  Schilligcr  ( paper  22 ).  dealt  with  lion-adaptive  signal  processing  using 
wide  bandvvidths  and  statc-ol-the-art  surface  acoustic  wave  (SAW)  matched  filters  to  prov  ide  the  high  throughput,  rapid 
sy  nchroni/ation.  required  for  "push-to-talk"  systems  in  the  presence  of  interference.  It  is  clearly  emphasized  that  although 
digital  processing  inlets  increased  speed,  analog  SAW  devices  might  out  perform  digital  approaches  in  circumstances  where 
high  data  titles  and  high  processing  gains  (I  .CM  considerations  dictate  about  100(1)  are  required.  Simulations  demonstrate 
that  :t  2d  microsecond  synchronization  time  can  be  achieved  and  detection  accomplished  at  jammer  to  signal  ratios  greater 
l  halt  20  cl  li  field  tests  are  required  for  full  evaluation  of  the  concept.  I  orenzoni  (paper  28)  also  describes  the  advantage  of  a 
wideband  concept  using  modulation  and  coding  techniques  in  a  satellite  to  ground  digital  transmission  system  as  a  method  of 
reducing  multipath  effects. 

I  he  remaining  three  papers  of  the  session  dealt  with  the  more  complex  approaches  to  signal  processing  associated  w  ith 
adaptive  techniques.  Peter  Monsen  (paper  26)  provided  an  excellent  tutorial  of  adaptive  processing  techniques  currently 
available.  I  Ic  evaluated  the  concepts  and  described  the  drawbacks  and  advantages  of  each  approach  and  concluded  w  ith  a 
good  example  of  the  attributes  of  the  Kalman  Ciodard  algorithm  in  a  General  Decision  f  eedback  equalizer.  Although  this 
nitty  represent  an  optimal  approach,  it  does  not  necessarily  represent  the  most  economical  approach  and  it  behooves  one  to 
carefully  evaluate  requirements  prior  to  selecting  an  approach. 

I.uvera  (paper  2  I )  provided  tin  overview  of  US  Ait  force  adaptive  antenna  developments  being  conducted  at  Rome 
Air  Development  Center  which  are  oriented  toward  advancing  the  state-of-the-art.  Developments  covered  were  small 
adaptive  loop  modules,  tt  sy  stem  architecture  for  combining  an  adaptive  array  with  a  frequency  hopping  spread  spectrum 
modem,  anil  a  new  test  bed  for  the  evaluation  of  various  adaptive  spatial  processing  algorithms  and  architectures.  The  test 
bed  utilizes  a  high  speed  digital,  programmable  array  processor  to  implement  a  w  ide  variety  of  adaptive  algorithms  and  has 
the  capability  to  implement  either  analog  or  full  digital  modes  as  well.  It  promises  the  ability  to  provide  real-time, 
comparative  analysis  and  evaluations  of  different  processing  techniques  and  should  be  an  excellent  tool  for  the  development 
ol  new  adaptive  processing  technology.  I  Its  discussion  of  digital  beamforming  null  steering  systems  provided  a  sense  of  the 
high  compulation  rates  required  and  emphasized  the  need  for  the  utilization  of  very  large  scale  integrated  circuits  (VI  SI), 
optical  processing  and  systolic  arrays  to  make  such  systems  feasible  in  the  future. 

Smith  ( paper  20)  described  how  combining  time  processing  techniques  such  as  spread  spectrum  and  adaptive 
equalization  technology  with  spatial  processing  methods  such  as  adaptive  arrays  could  provide  a  formidable  combination 
that  holds  promise  lor  prov  iding  highly  interference  resistant  communication  systems  with  high  data  throughput.  Computer 
simulations  ol  combined  time  and  space  spectral  whitening  have  been  developed  but  hardware  demonstrations  arc  not 
described. 
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SUMMARY 

A  tutorial  examination  of  adaptive  piocessots  for  radio  communication  applications 
is  presented.  The  general  form  of  adaptive  equalizers  and  Maximum  Likelihood  Sequence 
Estimators  is  discussed.  The  method  of  determining  the  performance  of  an  adaptive 
equalizer  in  a  fading  channel  environment  is  summarized.  A  simple  example  illustrates 
how  "implicit"  diversity  is  realized  by  channel  adaptation.  Methods  of  adaptation 
including  Kalman  filter  techniques  are  presented  along  with  performance  results  of  prac¬ 
tical  fast  adapting  systems.  The  use  of  channel  adaptation  with  error  correction  coding 
is  also  examined  and  practical  results  presented.  These  results  show  that  most  of  the 
fading  effect  can  be  eliminated  when  there  is  no  restriction  on  channel  time  delay. 
Multiple  channel  adaptive  processors  which  eliminate  correlated  interference  are  also 
discussed.  Performance  results  for  a  tropospheric  scatter  application  are  predicted  and 
compared  with  laboratory  measurements  on  a  real  system.  Methods  of  fast  adaptation  of 
these  multi-channel  processors  are  discussed. 


1.  INTRODUCTION 

Radio  communication  channels  may  suffer  from  a  fading  received  signal  level,  mul¬ 
tiple  1. 1  ar.smi  ss  ion  paths  with  different  time  delays,  and  in-band  ot  adjacent  channel  in¬ 
terference.  Examples  of  these  channels  include  tropospheric  scatter  communication  in 
the  0 .  5  to  5.0  GHz  frequency  range,  high  frequency  radio  transmissions  at  3  to  30  MHz 
utilizing  ionospheric  reflections,  and  1  i ne-of -s igh t  radio  communications  at  microwave 
frequencies.  In  many  applications,  the  information  bandwidth  of  the  communication 
system  is  much  larger  than  the  rate  of  change  of  the  tadio  channel.  Under  this  condi¬ 
tion,  it  is  possible  for  the  radio  receiver  to  "learn"  the  channel  characteristics  and 
compensate  for  their  deleterious  effects.  The  channel  characteristics  include  the  gain, 
phase,  and  delay  of  individual  transmission  paths  and  the  noise  and/or  interference  sta¬ 
tistics  in  both  the  frequency  and  spatial,  i.e.,  antenna  arrival  angle,  domains.  This 
learning  and  compensation  process  is  more  conveniently  accomplished  when  the  transmis¬ 
sion  content  is  digital.  With  digital  transmission,  known  reference  signals  such  as 
Pseudo-Noise  sequences  can  be  time  division  multiplexed  into  the  information  stream. 
Cor t e 1  a t ion  operations  at  the  receivei  between  the  known  sequence  and  the  received  sig¬ 
nals  provide  estimates  of  the  channel  characteristics.  Alternatively,  one  can  omit 
transmitting  the  reference  signal  and  assume  that  the  receiver  decisions  are  correct  for 
these  correlation  operations. 

These  adaptive  processor  techniques  have  been  successfully  applied  in  radio  commu¬ 
nications  to  significantly  increase  the  information  data  rate  capacity.  In  this  tutor¬ 
ial  paper  we  teview  some  of  the  major  features  of  these  adaptive  processors  and  present 
P" i f or  man.ee  character istics.  We  begin  the  presentation  with  a  discussion  of  single 
ehmnel  adaptive  processors  in  Section  2.  Separate  discussions  are  given  for  the  adap¬ 
tive  equalize!  and  the  maximum  likelihood  sequence  estimator.  Because  of  the  wider  ap¬ 
plication  of  equalizers  and  the  limited  scope  of  this  paper,  the  remainder  of  the  paper 
focuses  on  adaptive  equalizer  technology.  In  Section  3  we  summarize  the  analysis  for 
evaluating  the  performance  of  these  adaptive  systems  in  fading  radio  channel  applica¬ 
tions.  The  problem  of  adaptation  is  addressed  in  Section  4.  The  fastest  known  adapta¬ 
tion  technique,  the  Kalman  filter,  is  described  and  compared  with  the  widely  used  Least 
Mean  Squares  (I.MS)  adaptation,  algorithms.  Performance  results  for  fast  tracking  algor¬ 
ithms  in  an  HE  ladio  application  ate  presented.  In  Section  5  the  role  of  error  correc¬ 
tion  coding  i  r.  the  fading  channel  application  is  discussed.  The  condition  under  which 
■■flannel  adaptation  can  be  used  with  coding  is  piesented.  Results  from  practical  "adap¬ 
tive  channel"  coding  techniques  are  used  to  show  that  most  of  the  fading  effects  can  be 
eliminated  when  sufficient  channel  delay  is  introduced.  Finally,  in  Section  6,  we  con¬ 
sider  adaptation  to  multiple  received  signals  particularly  in  the  presence  of  correlated 
interference.  We  show  how  the  petforman.ee  of  the  single  channel  adaptive  processor  is 
extended  and  we  present  performance  results  fot  an  example  of  adjacent  channel  interfer¬ 
ence.  This  section  concludes  with  an  examination  of  two  fast  adaptation  schemes  in  this 
mu  1  t  i  -chanr.e  l  appl  i  cat  ion  . 


2. 


SINGLE  CHANNEL  ADAPTIVE  PROCESSORS 


Two  adaptive  processors  tot  tadio  commun teat  ion  ate  the  equalizet  anti  the  Maximum 
Likelihood  Sequence  Estimator  (MLSE).  The  equal izei  attempts  to  compensate  for  the 
channel  imperfections  by  insetting  filtet  components  at  the  teceivet  which  con.vet t  the 
tandem  channel  and  equalizet  combination  into  a  quality  commun icat  ions  medium.  The  MLSE 
wotks  on  the  received  sequence  to  produce  an  estimate  of  the  most  likely  transmitted 
digital  sequence.  Other  techniques  used  in  fading  channel  applications  concentrate  on 
specific  elimination  of  multipath  induced  intersymbol  interference  or  burst  no l so  phe¬ 
nomena.  We  examine  here  only  the  broad  equalizer  and  MLSE  generic  systems. 


2.1  EQUALIZERS 

An  adaptive  equalizer  performs  filtering  of  one  of  more  signal  inputs  in  a  manner 
which  minimizes  an  error  functional  related  to  communications  quality.  The  two  most 
common  error  functionals  are  mtersymbol  inter  feten.ee  (ISI)  distortion  and  mean-square 
error  where  the  error  is  defined  as  the  difference  between  the  decision  sample  variate 
and  the  correct  decision.  Minimization  of  ISI  distortion  ignotes  additive  noise  effects 
and  is  more  often  applied  in  Large  signal  to  noise  ratio  environments  such  as  the  tele¬ 
phone  channel.  The  Minimum  Mean-Error -Squat e  (MMSE)  criterion  simultaneously  copes  with 
the  effects  of  both  ISI  and  additive  noise.  When  the  noise  is  small,  the  equalizer  acts 
similar  to  an  ISI  distortion  equalizer  and  when  the  noise  is  large,  the  equalizer  has 
more  of  a  matched  filter  structure.  Because  noise  effects  are  just  as  important  as  ISI 
for  radio  channels,  the  MMSE  criterion  is  more  appropriate  for  this  application.  Note 
that  the  MMSE  criterion  is  not  optimum  in  that  a  one-to-one  correspondence  between  bit 
error  probability  and  MMSE  does  not  exist.  However,  the  MMSE  criterion  is  clearly  a 
"good"  criterion  since  a  clean  decision  sample  variate  is  vital  to  producing  small  bit 
error  probabilities.  In  a  comparison  study  (11,  the  MMSE  criterion  was  found  to  be  in¬ 
ferior  only  when  the  SNR  was  very  large  and  the  ISI  distortion  after  equalization  nearly 
closed  the  data  eye.  Under  more  typical  operating  conditions,  the  criteria  gave  identi¬ 
cal  results.  In  the  next  subsection  we  discuss  adaptive  processors  which  minimize  the 
sequence  bit  error  probability  rather  than  the  mean-square  error. 

The  linear  equalizer  (LE)  Is  an  adaptive  filter  which  uses  the  received  signal 
troin  the  channel  as  an  input.  It  has  beer,  long  recognized  that  if  the  bit  error  proba¬ 
bility  is  small,  detector  decisions  could  also  be  filtered  and  used  to  eliminate  ISI 
effects.  This  concept  leads  to  the  Decision-Feedback  Equalizer  ( DFE )  which  is  composed 
of  a  forward  filt«'  with  the  received  signal  as  an  input  and  a  backward  filtet  with  the 
reconstructed  receiver  decisions  as  an  input.  The  MMSE  DFE  has  beer,  shown  [2]  to  be 
theoretically  superior  to  the  MMSE  Lineal  Equalizer  in  the  absence  of  decision  errors. 
The  error  propagation  phenomenon  resulting  ftom  decision  errors  in  the  DFE  can  be 
modeled  as  a  Markov  process  and  the  increase  in  bit  error  probability  calculated.  These 
calculations  [J]  show  only  a  small  increase  ir.  the  bit  error  rate  for  ISI  typical  of  the 
radio  channel  app 1 icat ions .  These  results  are  consistent  with  error  propagation  bounds 
developed  by  Duttweiler,  Mazo,  and  Messer  Schmitt  [ 4 ] . 

A  general  Decision-Feedback  Equalizet  receiver  is  shown  ir.  Figure  1.  The  first 
f wo  filters,  the  noise  and  matched  filters,  correspond  to  a  small  ISI  receiver.  The 
noise  filter  reduces  correlated  noise  effects  and  the  matched  filter  coherently  combines 
the  multipath  returns.  The  forward  filter  minimizes  the  effect  of  ISI  due  to  future 
pulses,  i.e.,  pulses  which  at  that  instant  have  not  been  used  to  form  receiver  deci¬ 
sions.  After  detection,  receiver  decisions  are  filtered  by  a  backward  filter  to  elimi¬ 
nate  i  r.tet  symbol  interference  from  previous  i.e.,  past,  pulses.  Because  the  backward 
t  liter  compensates  for  this  "past”  ISI,  the  forward  filter  need  only  compensate  for 
"future"  1ST. 

A  significant  problem  in  the  use  of  adaptive  equalizers  in  certain  radio  HF  chan¬ 
nel  applications  is  the  requirement  for  rapid  tracking  of  the  adaptive  equalize: 
weights.  Simple  estimated  gradient  techniques  sometimes  called  Least  Mean  Squares 
algo: i t hms ,  ire  not  necessarily  fast  enough  because  of  the  correlation  between  signals 
>r.  t‘i*'  equalizer  taps.  Because  of  this  correlation,  when  the  algorithm  attempts  to 
id  pis t.  one  tap,  noise  f  luctuations  result  in  other  taps.  This  problem  will  be  discussed 
in.  .  1  lit**:  Section. 


2.2  MAXIMUM  LIKELIHOOD  SEQUENCE  ESTIMATOR 

Since  the  DEE  minimizes  ar.  analog  d"t  "i.'l.ii  voltage,  it  is  not  optimum  tor  all 
■■barrels  w  i  t  h  respect  i  o  bit  ei  >  or  probability.  By  eonsidei  rr.g  inter  symbol  interference 
i  ;  i  convolutional  code  defined  <>t.  the  real  line  (ot  complex  line  tor  bandpass  chan¬ 
nels),  maximum  likelihood  sequence  estimation  algo: i t hms  have  been  del ived  (S,h|.  These 
il  pcithms  provide  a  decoding  procedure  for  teceivet  decisions  which  minimize  the  proha- 
:>i  1  i  t  y  >t  quer.ee  error  .  A  Maximum  Likelihood  Sequence  Estimator  (MLSE)  receive:  in 
jioaoal  requires  a  noise  filter  and  matched  filter  although  these  functions  can  be 
imbedded  i  r.  the  estimator  structure.  Figure  2  illustrates  the  filtering  and  sampling 
f  iroO  ions  will  li  p;  .'civile  t  he  MLSE.  Pie  est  j  mat  i  on  t  eehi.  i  gtges  used  to  del  1  ve  the  noise 


ami  matched  filtet  parameters  also  ptovide  an  estimate  of  the  discrete  sample  iespor.se 
used  by  the  MLSE  decode!  to  tesolve  the  intersymbol  i  n.tei:  f  ei  ence .  An  implementation  of 
an  MI. SH  receive!  has  been  described  by  Ctozier,  et.,  al  17], 


The  MLSE  algorithm  works  by  assigning  a  state  for  each  intersymbol  intetteience 
combination.  Because  of  the  one-to-one  cot tesponder.ee  between  the  states  and  the  ISI, 
the  maximum  likelihootl  source  sequence  can  be  found  by  deteiming  the  trajectory  of 
states. 


If  some  intermediate  state  is  known  to  be  on  the  optimum  path,  then  the  maximum 
likelihood  path  originating  from  that  state  and  ending  in  the  final  state  will  be  iden¬ 
tical  to  the  optimal  path.  If  at  time  n,  each  of  the  states  has  associated  with  it  a 
maximum  likelihood  path  ending  in  that  state,  it  follows  that  sufficiently  far  in  the 
past  the  path  histoty  will  not  depend  on  the  specific  final  state  to  which  it  belongs. 
The  common  path  history  is  the  maximum  likelihood  state  trajectory  [5]. 

Since  the  number  of  ISI  combinations  and  thus  the  number  of  states  is  an  exponen¬ 
tial  function  of  the  multipath  spread,  the  MLSE  algorithm  has  complexity  which  grows 
exponent ia 1 Ly  with  multipath  spread.  The  equalizer  structure  exhibits  a  linear  growth 
with  multipath  spread.  In  return  for  this  additional  complexity,  the  MLSE  receiver 
results  ir.  smaller  (sometimes  zero)  intersymbol  interference  penalty  fot  channels  with 
isolated  and  deep  frequency  selective  fades. 

This  additional  complexity  of  the  MLSE  receiver  has  been  the  significant  factor  in 
the  selection  of  adaptive  equalizers  for  most  practical  applications.  For  this  reason, 
the  remainder  of  this  paper  will  focus  on  adaptive  equalizers.  We  now  tut  r,  out  atten¬ 
tion  to  the  achievable  performance  in  fading  channel  applications. 


i.  KADI  Nil  CHANNEL  PERFORMANCE 

The  Decision-Feedback  Equalizer  has  been  developed  fot  both  tioposcatter  and  HE 
radio  communication  applications.  The  performance  of  the  OFF  or.  a  fading  channel  is  a 
function  of  the  radio/modem  filters,  the  multipath  profile  of  the  channel,  and  the  addi¬ 
tive  r.oise  statistics.  We  consider  a  radio  system  as  depicted  in  Figure  1.  Here  a 
modulator  is  used  to  convert  a  series  of  information  digits  to  a  continuous  waveform 
s(t).  For  purposes  of  presentation  we  consider  4 PSK  because  of  its  spectral  ami  detec¬ 
tion  efficiency.  Ir.  complex  notation  the  modulating  waveform  fot  a  2/T  bit  late  is 

s(t)  =  s^ftt-kT),  |sk|  =  |±l*j)  (1) 

The  transmit  and  receive  filters  are  defined  with  impulse  response's  f^ltl  and 
f^tt),  respectively.  The  combined  filter  response  is  defined  as 


f(t)=jf.(t)f(t-i)dt  (2) 

U  i 

Either  a  discrete  or  continuous  echo  model  of  the  radio  channel  can  be  used  tor 
the  multipath  profile.  For  the  discrete  model,  the  multipath  profile  has  the  form: 

1 

U  (  : >  =  !  q .  f  ■  r - r  .  >  (IS 

1  =  1  1 

whe;e  g  is  the  average  power  in  the  i*1*1  echo  with  tj  as  the  multipath  delay. 

The  structure  of  the  DFE  in  a  fading  channel  application  is  illustrated  l  r. 
Figure  4.  Two  comparators  compare  the  analog  voltages  at  the  symbol  sample  time  to  zero 
and  generate  ±1  outputs  on  each  of  the  l  and  0  channels  in  Figure  4.  These  4PSK  deci¬ 
sions  ate  fed  back  through  the  backward  filter  for  cancellation  of  past  mtersymbol  in¬ 

terference.  Because  of  the  discrete  nature  of  the  detected  symbols  the  backward  filter 
is  a  tapped  delay  line  tilr.er  with  complex  tap  weights,  i.e., 

B 

t>  (  t  )  =  b  1  ( t  -  i  T )  ,  b .  comp  lex  ( 4  ) 

l  =  1  1  1 

The  forward  filter  must  combine  matched  filtering  of  the  channel  with  ISI  removal. 
This  suggests  the  use  of  a  tapped  delay  line  filtet  with  complex  tap  weights  but  with 

less  than  one  4 PS K  symbol  duration  separation,  i.e., 

K 

w( t  1  =  wfc  %  t -tfc  ,  ,  w^  complex ,  tfe <T  .  ( 5 ) 

k  =  l 


:i>4 


I'he  per  fm  nance  or  the  DFE  under  ideal  tracking  conditions  of  the  fading  channel 
is  summarized  as  follows  [81.  Enough  backward  filter  taps  are  assumed  to  cancel  the 
past  t nt or  symbol  interference.  The  DFE  performance  then  only  depends  on  the  number  and 
location  (tk  values)  of  the  forward  filter  taps.  Under  perfect  tracking  conditions,  the 
equalizer  performance  is  defined  by  a  matrix  s igna 1 -to- noise  ratio  S  which  is  of  rank  K 
equal  to  the  number  of  forward  fiLter  weights.  The  equalizer  SNR  which  includes  the 
fading  effect  is  given  by 

S  =  A  1C ,  S  is  KxK,  K  =  Number  of  Forward  Filter  Taps  (6) 

where  A  rs  the  equalizer  noise  matrix  and  C  is  the  equalizer  signal  matrix.  For  a 
sampling  time  t(),  the  signal  matrix  is  given  by 

b  j  '  fcl)  '  =  j  f  t-t^fjt-tjjQft  +  tyldt,  i,j=l,2,...K  (7) 

The  noise  matrix  includes  both  an  additive  noise  component  and  ISI  component.  The 
latter  is  an  approximation  by  a  Guassian  noise  effect  and  requires  a  scale  factor  y 
which  improves  the  approximation.  We  have  fot  the  noise  matrix 

Arj  =  +  *  ^  cij^o-j'r)  <8) 

where  J  future  IS!  interferers  have  been  considered.  When  the  ISI  term  is  omitted  in 
F  1 .  (8),  the  SNR  matrix  defines  the  no  intersymbol  interference  bound  on  the  DFE  perfor¬ 

mance.  The  difference  between  realized  performance  and  this  bound  is  the  intersymbol 
interference  penalty. 

The  eigenvalues  of  the  SNR  matrix  S  are  independent  implicit  diversity  signal 
strengths  normalized  by  the  additive  noise  spectral  density.  Once  the  eigenvalues 
ate  found,  the  computation  of  bit  error  rate  statistics  proceeds  as  for  any  K*"  order 
independent  diversity  system. 

As  a  simple  example,  consider  the  single  echo  multipath  channel  which  has  ar.  equal 
power,  echo  delayed  exactly  one  4 PS K  symbol  interval.  If  only  a  two  tap  forward  filter 
is  employed,  one  finds  that  the  SNH  matrix  is  given  by 
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1  /4  3/4 


(9  ) 


where  E^/N^  i-s  the  ratio  of  average  bit  energy  to  noise  spectral  density. 

The  system  is  equivalent  to  a  dual  diversity  channel  with  independent  diversity 
strengths  E  /2N..  and  E  /6N„.  Note  that  with  ->  finite  DFE  structure,  it  is  not  possible 
to  collect  all  of  the  ’available  signal  energy,  i.e.,  the  sum  of  the  implicit,  diversity 
strengths  does  not  equa  l  R  /N»  .  Ever.  ir.  this  simple  example,  however,  the  potential 
implicit  diversity  gain  is  evident.  A  flat  fading  channel  has  an  average  bit  error  rate 
wh  i  ch  va :  1 1? s  a  s 


UKR  =  1  2  Kri  N(J 


V*.,  '>  1 


wiiio  •■is  Mi"  I  >F  V.  it:  this  oximpl"  will  give  performance  lower  bounded  by 


1  1  r  ...  -I 

2  12  Kh'\. 
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j  ;*■  HKH  >t  L  t.J  ”  >  this  »  epr  osor,  t  s  i  gain  of  29  dB. 


4.  K<.  :.\U/htv  Ai  APT  AT  [ON 

I’m**  •*  jjj.i  1  i  7.**\  adaptation  ptoblera  can  be  viewed  as  the  least  mean  square  estimation 
\  t  upped  delay  line?  weight  vector  given  the  sequence  ot  equalize!,  inputs  and  of 
i  •  •  i  :  e  ]  nit  puts.  Ms  i  nq  this  formulation,  D.  Godard  (9|  developed  a  Kalman  estimation 
il  j  >!  i  t  hm  fo:  t  he  equalizer  tap  coefficients.  Since  a  Kalmar,  algorithm  minimizes  the 
■n.>  ir.  ■;  j.i.i!  >•  :  nt  at  every  iteration,  there  is  reason  to  believe  that  this  algorithm  is 

t  \st«*st  MMSK  adaptation  procedure.  This  assertion  is  supported  by  ar.  interpretation 
q  K»  l  mar.  'God  i  r  1  algorithm  as  ar.  ideal  so  l  f  -or  t  hoqona  1  i  z  i  ng  algorithm  I  l  0  |  and  by 

tdlfjihd'/*  ehunr.e]  simulaMor.  results  repotted  ir.  (9)  and  (10|. 


KALMAN  FLLI'KK  ADAPTATION 


4  .  1 


The  potential  gain  (ton  an.  adaptive  processing  scheme  can  only  be  realized  if  the 
channel  time  variations  can  be  closely  tracked  by  the  adaptation  algorithm.  The  use  of 
the  Kalman  approach  or  an  approx  i  mat  ion  with  many  of  its  features  promises  the  best 
chance  ot  realizing  this  gain.  One  can  also  show  that  the  tracking  modes  of  a  conven- 
t  local  least  mean  sguare  (  LMS )  algorithm  are  too  slow  for  some  radio  channel  applica¬ 
tions.  Lot  these  reasons  we  review  the  Kalman  approach  to  adaptive  equalization. 

A  partitioned  vector  h  can  be  used  to  describe  the  input  processes  for  the 
forward  and  backward  filters.  The  tap  gains  of  the  forward  and  backward  filters  can  be 
similarly  partitioned;  let 

f  w(k)  1 


where  w(k)  is  the  forward  filter  weight  vector  at  iteration  time  k  and  3(k)  is  the  cor¬ 
responding  backward  filter  weight  vector.  The  error  sample  is  then  given  by 


ek  =  tkSk  -  V  =  'tl±j ! 


(in 


The  conventional  LMS  algorithm  has  the  form 


-k  +  1 


Ah,  € 
-k 


(12) 


The  Kalmar,  estimation  algorithm  is  derived  from  the  state  vector  representation 
of  ck  .  It  updates  a  mean  square  estiamte  c^_1  of  the  state  using  the  latest  measure¬ 
ment  information  s^,. 

To  utilize  the  Kalman  equations  in  the  equalizer  adaptation  problem,  let  c  be  a 
fixed  state  variable,  i.e.,  the  state  trajectory  is  a  constant.  We  wish  to  finapan  es¬ 
timate  c,  of  c  .  . 

-k  -opt 

t.et  the  measurement  equation  express  the  relationship  between  the  transmitted 
source  digit  sk  and  the  optimum  error  sample  ek  opt,  i.e.. 


s,  =  h,  c 
k  -k-opt 


~k ,opt 


(13) 


The  Kalman  equations  [9]  use  the  predicted  source  digit  as  the  equalizer  output 


sk  =  Hk£k 


(14) 


and  the  Kalman  algorithm  for 


updating  the  state  estimate  (equalizer  tap  gains)  is 


£k 

=  c,  .  +  k,  s,  - 
-k-1  -k  k 

V 

(15) 

=  c,  ,  -  k,  e. 

-k-1  -k  k 

where  the 

Kalman  gain  vector 

is  computed  to  be 

k-k 

=  Pk  -  !  -k  '  -k  Pk  -  1  -k 

+  6 : 

(16) 

and  the  Kalmar,  matrix  is 


=  V.  ,  t  k.h.P. 
k  -  1  -k  -k  k  - 


(17) 


Inaccuracies  in  estimating  the  mean  square  measurement  noise  6  have  negligible  effect  on 
the  final  results  19]. 

For  the  LMS  algorithm,  the  Kalmar,  vector,  ,  in  (15)  is  replaced  by  a  constant 
times  h  .  The  Kalmar,  algorithm  is  s  igr.  i  f  i  card!!  y  more  complex  as  every  iteration 

requires  multiplications  to  obtain  jh^  and  N  more  to  obtain  the  quadratic  form. 

The  LMS  algorithm  has  N  +  l  mu  1  t.  i  p  1  i  ca  t  ior.s  per  itoiatior..  The  computational  burden  of 
the  Kalman  algorithm,  as  measured  by  the  number  of  required  multiplications  per  itera¬ 
tion,  is  N+l  times  larger  than  the  LMS  algorithm. 


As  an  example  of  a  practical  application,  where  channel  tracking  is  a  problem,  con¬ 
sider  the  transmission  of  serial  data  over  the  Hr  radio  channel.  In  HP  transmission  the 
ratio  of  the  modulation  symbol  rate  to  the  fastest  channel  rate  fluctuations  is  not  all 
than  large  as  information  rates  of  a  few  kilobit/second  must  allow  for  tracking  channel 
rates  on  the  order  of  a  few  Hertz.  The  classic  Least-Mean-Square  (LMS)  algorithm  widely 
used  in  telephone  and  microwave  radio  equalizer  applications  fails  to  track  under  these 
eor.d  1 1  ions  . 

The  tracking  failure  of  the  LMS  gradiant  algorithm  is  due  to  the  slow  convergence 
caused  by  the  smaller  eigenvalues  of  the  correlation  matrix  of  the  tap  signals  in  the 
equalizer.  Tracking  convergence  can  be  speeded  up  by  modifying  this  correlation  matrix 
by  a  transformation  that  generates  equal  eigenvalues.  One  tracking  solution  which 
achieves  this  result  is  the  Kalman  filter  algorithm  defined  in  Eqs.  (15-17).  The  per¬ 
formance  of  the  LMS  and  Kalman  tracking  systems  under  typical  HP  radio  frequency  selec¬ 
tive  fading  conditions  has  been  simulated  to  determine  the  improvement  provided  by  the 
Kalmar,  approach.  An  example  is  provided  in  Figure  5  for  a  2400  bps  data  rate  applica¬ 
tion  over  a  3  kHz  HP  radio  channel.  The  irreducible  error  rate  of  the  LMS  system  is  due 
to  slow  tracking  modes  which  can  not  keep  up  wit.  the  channel  fluctuations. 


4.2  SIIBOPTIMUM  PAST  ADAPTIVE  PROCESSORS 

Although  the  Kalman  filter  offers  the  fastest  tracking  capability,  its  complexity 
grows  as  the  square  of  the  number  of  equalizer  taps  rather  than  linearly  as  with  slower 
I.MS  equalizers.  As  a  result  there  have  been  developed  suboptimum  tracking  techniques 
which  have  almost  the  same  tracking  speed  of  the  Kalman  filter  but  considerably  less 
complexity.  because  of  the  proprietary  nature  of  these  algorithms,  it  is  not  possible 
to  report  on.  the  details  of  the  tracking  method.  However,  performance  results  are 
available  for  modem  implementations  of  these  techniques.  The  application  of  most  inter¬ 
est  is  adaptive  equa 1 i za t ion  of  the  HP  radio  channel  for  data  transmission  at  rates  of 
2401)  bps  or  higher. 

A  series  of  tests  on  parallel  tone  modems  by  Watterson  [121,  and  on  two  serial 
tone  modems  provide  a  basts  for  modem  performance  comparison  for  a  high  data  rate  HF 
channel  application. 

The  parallel  tone  modems  divide  the  data  into  low  rate  parallel  sub-channels  so 
that  r.onadapt i ve  techniques  car.  be  used  and  ISI  effects  can  be  avoided.  The  serial  tone 
approaches  use  PSK  transmissions  and  some  form  of  decision  feedback  equalization  in  an 
adaptive  receiver  structure. 

There  is  considerable  performance  data  available  for  the  flat  fading  (single  path) 
uni  the  dual  fading  path  suggested  by  Watterson  [11).  This  latter  channel  has  two 
"sky wave"  returns  which  are  spaced  by  1  millisecond  and  they  each  fade  with  a  2o  Doppler 
spread  of  1.0  Hz.  In  general  the  more  echoes,  the  easier  it  is  for  the  equalizer  to 
track  because  it  is  less  likely  that  all  echoes  will  simultaneously  become  small.  The 
Watterson  two  path  channel  has  thus  become  a  good  standardized  test  case.  Watterson 
tested  conventional  parallel  tone  modems  on  this  channel  and  the  results  are  given  in 
his  report  1111.  This  channel  was  also  used  in  an  evaluation  of  a  Harris  Corporation 
modem  and  a  SltJNATRON  modem.  The  results  from  these  tests  [12]  provide  a  comparison  of 
j>:  esen.t  day  ser  ial  tone  modem  technology  with  the  parallel  tone  modem  approaches  tested 
by  Watterson. 


All  of  the  modems  in  this  comparison  are  uncoded  except  for  the  parallel  tone 
MX- 1 1(1  modem  which  used  a  rate  16/25  block  code.  Although  the  simulators  used  on  some 
d  the  tests  were  not  exactly  the  same,  no  appreciable  performance  difference  is  anti¬ 
cipated  from  this  factor.  The  fairest  comparison  is  on  a  peak  power  basis  because  HF 
!  ad  i  os  are  peak  power  limited.  For  this  reason  we  use  peak  bit  energy  F,  ^  rather  than 
iv: age  bit  energy  E^.  The  peak -to-average  ratios  assumed  for  the  modem  comparison  were 
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Fr  "gui'p.i-y  select  i  ve  fading  results  are  shown  in  Figure  6.  In  these  tests  the 
H  t;  r  i  •  mi  sicvATRON  modem  realize  almost  exactly  the  same  implicit  diversity  when  the 
t  i-lir  i  is  slow.  The  performance  advantage  of  these  modems  over  the  parallel  tone  modems 
is  /  large  under  these  conditions. 


I  r:  comps:  i son  with  parallel  tone  modems  under  the  faster  fading  conditions,  both 
4  1  .matron  ar.d  Harris  modem  still  have  a  significant  peifoimance  gain  even  over  the 
■  1  M X - 1  system.  Moth  the  Ha:  t  is  and  SIGNATRON  modems  have  not  included  error  cor- 

:  'i  n:  codir  ),  which  is  the  subject  of  on:  next  section. 
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5.  ADAPTIVE  ERROR  CORRECTION  CODING 

Coding  gains  for  error  correction  coding  techniques  on  radio  channels  must  be 
examined  relative  to  a  delay  constraint  which  allows  or  precludes  interleaving  over  the 
fading  epochs.  These  fading  epochs  are  typically  on  the  order  of  1  second.  The  delay 
constraint  determines  whether  adaptive  techniques  coupled  with  error  correction  coding 
will  be  effective  or  not. 


5.1  DELAY  CONSTRAINT  PRESENT 

Speech  and  certain  digital  data  communication  systems  fall  into  this  class.  Under 
this  constraint,  error  correction  coding  and  modest  interleaving  will  protect  against 
burst  noise.  However  no  significant  coding  gain  against  fading  is  realizable  under  an 
average  probability  of  error  criterion.  Under  an  outage  probability  criterion*  the 
coding  gain  is  exactly  the  coding  gain  realized  on  a  nonfading  channel  at  the  Bit  Error 
Rate  (BER)  threshold  where  the  outage  is  determined.  An  off  the  shelf  1/2  rate  convolu¬ 
tional  decoder  [131  with  constraint  length  7  gives  a  coding  gain  of  4.6  dB  at  a  thresh¬ 
old  BER  of  10”  .  This  coding  gain  drops  to  3.8  dB  at  the  BER  threshold  of  10”  .  Con¬ 
catenated  codes  [14]  which  use  a  convolutional  code  for  the  inner  code  and  a  Reed- 
Solomon  code  for  the  outer  code  can  do  significantly  better.  This  delay  constraint  con¬ 
dition  reduces  to  an  evaluation  of  coding  gain  on  the  non-fading  channel.  Adaptation  to 
the  channel  in  this  case  does  not  lead  to  any  performance  advantage. 


5.2  NO  DELAY  CONSTRAINT 

One  can  show  that  theoretical  performance  on  the  fading  channel  can  come  within  1 
to  3dB  of  the  non-fading  channel  [151  if  we  de-inter leave  the  channel  state  information 
as  well  as  the  soft  decision  outputs  from  the  modem.  This  implies  that  the  receiver- 
must  adaptively  learn  the  channel  state  information  in  a  fading  channel  environment.  It 
is  of  interest  to  examine  practical  adaptive  coding  schemes  to  determine  realistic 
coding  gains  with  this  approach.  Hagenauer  [16]  has  computed  the  performance  of  a  rate 
1/2,  constraint  length  7,  convolutional  code  for  different  quant i ti zat ion  levels  of 
channel  state  information  and  decision  values.  The  following  nomenclature  is  used  in 
the  comparison. 

Ur.quantized  Decision  =  Y  SOFT  (YS) 

I  bit  quantized  Decision  =  Y  HARD  (YH) 

Unquantized  Channel  State  =  A  SOFT  (AS) 

1  bit  quantized  Channel  State  =  A  HARD  (AH) 

No  Channel  State  Information  =  A  NO  (AN) 

The  result  of  his  calculations  are  reproduced  in  Figure  7. 

This  code  has  a  4.6  dB  gain  at  a  BER  of  10  4  on  the  non-fading  channel.  It 
requires  an  E^/Ng  of  about  7.4  dB  under  fading  conditions  when  both  decisions  and  chan¬ 
nel  state  are  unquantized.  This  represents  a  coding  gain  over  the  non-fading  channel  of 
about  1.2  dB.  The  loss  due  to  the  fading  is  chen  only  3.4  dB.  This  small  loss  can  be 
better  appreciated  by  comparing  the  coded  performance  with  dual  diversity  in  Figure  7. 
It  is  also  of  interest  to  note  that  one  bit  quantization  on  the  decisions  and  channel 
state  does  as  well  as  unquantized  decisions  alone. 


6.  MULTI-CHANNEL  ADAPTIVE  PROCESSORS 

In  the  previous  sections  we  have  beer,  examining  single  channel  adaptive  proces¬ 
sors,  ir.  particular,  adaptation  using  a  least  mean-squares  error  criterion.  This  con¬ 
cept  was  first  extended  [17]  to  include  parallel  channels  channels  in  a  troposcatter  ap¬ 
plication.  The  equalizer  in  this  application  not  only  removed  intersymbol  interference 
but  also  performed  channel  Doppler  compensation  and  maximal  ratio  diversity  combining. 
An  improved  performance  capability  was  realized  when  the  multi-channel  linear  equalizer 
was  augmented  with  decision-feedback  (2|  for  cancellation  of  previous  receiver  deci¬ 
sions.  The  application  emphasis  for  these  MMSE  multi-channel  processors  has  centered  on 
i  r.  ter  symbol  interference  removal  and  the  provision  of  additional  implicit  diversity 
through  coherent  recombining  of  multipath  returns  [8],  Although  it  has  been  histori¬ 
cally  recognized  that  these  orocessors  could  also  cancel  correlated  interference,  this 
feature  has  not  beer,  exploited  for  the  following  reasons: 


The  fraction  of  time  that  the  ertot  Late  is  greater  than  a  selected  threshold. 


1.  Cancellation  of  com  elated  i  n.ter  tei  ence  s  l  r  j  rr.i  1 ;  results  in  loss  of  si.jn.il 

diversity  which  was  needed  foi  tadiny  piotection.  System  design  typically 

provided  enough  divetsity  for  signal  fading  with  the  [itemise  ot  hope  that  in- 
tei fetence  would  not  be  a  problem. 

2.  The  cancellation  of  latge  ir.tei  fetei  s  such  as  jammer  s  presents  a  tracking 

ptoblem  to  the  processor  because  the  signal  component  is  "hidden"  m  the  in¬ 

terference  sign.,1. 

i.  In  many  communication  applications  such  as  LOS  microwave  radio,  the  use  ot 
multiple  antenna  aperture  (space  diversity)  channels,  which  are  required  tor 
interference  cancellation,  has  only  recently  become  popular. 

Divetsity  concepts  such  as  angle  divetsity  (19)  in  tioposcatter  and  LOS  radio 
systems*  and  polarization  divetsity  in  HF  systems  can  be  used  to  augment  existing  diver¬ 
sity  techniques  to  compensate  for  the  diversity  loss  inherent  in  interference  cancel la- 
t  ion.  Also  the  diversity  loss  associated  with  interference  cancellation  is  ameliorated 
by  the  multipath  or  implicit  diversity.  The  tracking  ptoblem  can  be  solved  by  a  pre¬ 
processor  which  adaptively  or thogonal izes  the  channel  outputs  thus  separating  the  large 
interference  from  the  signal  component.  This  pre-processor  concept  has  been  used  i  r. 
null  steering  applications  for  interference  cancellation. 

(•(valuation  of  the  performance  of  a  MMSE  processor  is  complicated  by  the  presence 
ot  fading  signals  and  intersymbol  interference.  In  a  recent  paper  ( 20)  an  approach  to 
determine  this  performance  has  been  developed. 

I'his  analysis  converts  the  general  correlated  diversity,  correlated  noise  (or  in¬ 
terference)  problem  to  which  equalization  is  applied  to  an,  uncotrelated  diversity,  un¬ 
cos  i elated  noise  problem  of  the  form  shown  in  Figure  8. 


The  equalizer  output  then  has  the  simple  form 


\  =  sk  +  -w% 

where  yk  is  a  white  noise  process  and  the  random  channel  vector  3  has  uncotrelated  com¬ 
ponents. 

Since  y.  is  a  white  noise  process,  the  optimum  solution  to  the  minimization  prob¬ 
lem  is  the  matched  filter  121], 


-0  =  cr-i  • 

Since  the  constant  c  multiplies  both  signal  and  noise,  its  value  is  of  no  importance. 
In.  this  equivalent  system,  performance  is  completely  determined  by  the  set  of  d  ex¬ 
plicit  / imp  1 ic  i  t  diversity  gains  i  =  l,2,...d  and  the  average  bit  energy  to  noise  power 
ratio. 


6.1  PERFORMANCE  RESULTS,  AN  EXAMPLE 

The  potential  fot  interference  reduction  in  a  high  speed  digital  troposcatter 
system  is  illustrated  by  computing  the  outage  probability  for  a  typical  diversity  con¬ 
figuration  and  a  range  of  interference  conditions. 

For.  our  example  we  assume  a  fourth  order  diversity  system  composed  of  two  antennas 
(dual  space)  and  two  frequencies  (dual  frequency).  This  diversity  configuration  is  de¬ 
noted  2S/2F,  The  MMSE  processor  considered  is  a  decision-feedback  equalizer  with  a 
lapped -be  1  ay  Line  (TDL)  filter  on  each  of  the  four  diversity  branches.  The  TDL  filter 
consists  of  3  taps  spaced  at  approx ima te ly  a  reciprocal  bandwidth.  The  modem  which 
ut  iliz.es  this  adaptive  processor  system  is  descr  ibed  in  (181. 

Th.‘  model  has  been  used  to  predict  performance  when  the  interference  is  out  of 
bind,  1.0.,  adjacent  channel  inter feren  e.  Performance  is  shown  m  Figure  9  (solid 
lines)  when  the  intetference  is  another  QPSK  signal  but  offset  by  two  channel  alloca¬ 
tions  (  2 1  MHz).  Here  the  degradations  are  not  as  large  as  an  in  band  interference 
problem  because  of  receiver  filtering  of  some  of  the  adjacent  channel  interference.  The 
receiver  filtering  provides  about  50  dH  of  rejection  in  this  example.  Note  that  ever, 
with  5H  dH  ot  filter  rejection,  the  resulting  interference  to  signal  level  is  still  0  dH 


Although  existing  LOS  systems  do  not  use  angle  diversity,  recent  propagation 
analysis  shows  promise  for  this  technique  in  this  application. 


tot  the  top  curves  in  Figure  9.  There  is  no  irreducible  error  probability  due  to  this 
interference  however  because  of  the  adaptive  cancellation  provided  by  the  multi-channel 
equalizer.  The  dashed  lines  indicate  experimental  results  on  a  troposcatter  modem  [221 
under  the  adjacent  channel  conditions  defined  in  here.  A  troposcatter  simulator  was 
used  to  synthesize  the  quadruple  diversity  fading  channel.  Good  agreement  between 
predicted  and  measured  results  was  obtained. 


6.2  ADAPTATION  OF  MULTI-CHANNEL  PROCESSORS 

Basic  approaches  to  this  problem  can  be  divided  into  closed  loop  adaptive  systems 
such  as  the  LMS  algorithm  and  open  loop  systems  such  as  Direct  Matrix  Inversion. 
Regardless  of  the  adaptation  technique,  the  adaptive  processing  configuration  can  be 
further  divided  into  two  generic  types.  Here  we  briefly  discuss  these  two  generic  adap¬ 
tive  antenna  processor  systems.  These  systems,  shown  in  Figure  10(a)  and  (b),  will  be 
referred  to  as  the  Beam  Steerer/Nul let  Steerer  (BN/NS)  and  the  Grara-Schmidt  Ortho¬ 
gonal  i  zet  /Combiner  .  The  Beam  Steerer/Null  Steerer  is  so  named  because  the  beam  steering 
function  attempts  to  adaptively  align  an  antenna  system  in  the  direction  of  the  signal 
in  order  that  effective  antenna  nulls  can  be  formed  on  the  aligned  signals  by  the  null 
steering  system.  In  the  GSO/Combi ner ,  the  GSO  orthogona 1 i zes  the  input  signals  and  the 
combiner  is  a  least  mean  square  equalizer  which  seeks  to  maximize  the  output  signal-to- 
r.oise  ratio. 

To  compare  the  two  adaptive  processors  let  us  assume  that  there  is  one  mainbeam 
inter  ferer  j(t)  of  power  J  and  that  a  two  port  antenna  system  is  to  be  used  to 
adaptively  reduce  the  interference  effect.  The  outputs  from  these  two  antenna  ports  in 
this  illustrative  example  are 


Xj(t)  =  s(t)  +  j(t)  +  n  j  ( t ) 
x  2  <  t )  =  0.1s(t)  +  0.5j(t)  +  n  2  (  t ) 

where  s(t)  is  the  desired  singal  of  power  S,  and  n ^ ( t )  and  n2(t)  are  independent  noise 
processes  each  of  power  N.  We  assume  that  J  >>  S  >>  N. 

The  BS/NS  processor  first  performs  a  beam-steering  operation  on  the  antenna  out¬ 
puts  X!  and  x2  with  the  objective  of  driving  the  signal  component  in  x'  to  zero,  c.f. 
Figure  10(a).  For  the  example,  the  optimum  BS  weights  are  vj  =  -0.1  ana  v2  =  0,  which 
yield  the  following  beam  steered  signals: 

x|  =  s  r  j  r  r.j 

x  j  -  0 . 4  j  +■  n  j  -  0 .  1  n  j 

where  we  have  for  r.otatior.al  convenience  suppressed  the  time  dependence.  The  null¬ 
steering  portion  of  the  processor  weights  xl  and  adds  the  result  to  x^  so  as  to  mini¬ 
mize  the  total  output  power.  For  the  assumed  J  >>  N,  the  optimum  NS  weight  is  w=  -2.5, 
which  yields  an  output  free  of  interference 


y  =  s  +  1.25nj  -  2.5n2  .  (18) 

We  pause  here  to  address  the  noise  enhancement  aspect  of  jamming  suppression.  For 
the  example,  the  output  noise  power  is  7.8N,  which  is  nearly  9  dB  larger  than  that  at 
the  output  of  antenna  port  1.  This  is  purely  a  consequence  of  the  fact  that  there  is 
amplification  in  order  to  cancel  the  interference  thus  raising  the  noise  level.  The 
amount  of  noise  enhancement  goes  up  as  the  arrival  angle  between  interference  and  signal 
deer e a  s o  s . 

A  disadvantage  of  the  BS/NS  system  is  that  the  BS  is  slow  in  the  presence  of 
st. ior,q  jamming  because  long  averaging  times  are  required  to  extract  the  signal  from  the 
inter fet  mg  noise  in  the  beam  steering  function.  As  a  result  the  BS  could  fail  to  keep 
up  with  rapid  signal  changes,  possibly  creating  a  situation  where  the  electronic  antenna 
f)o> csight  is  pointed  more  towards  the  interference  than  the  signal  source.  Null  forming 
would  induce  large  noise  enhancement  which  may  be  sufficiently  severe  to  cause  communi- 
O  1 1  l  -  in  ou  t  ages  . 

The  GSO/Combi net  processor  performs  the  beam-steering  and  null-steering  operations 
in  trie  reverse  older  i  r.  order  to  speed  up  the  LMS  tracking  loops.  More  specifically, 
t  he  I  is:  i  per  forms  a  linear  transformation  or.  x,  and  Xy  to  produce  two  orthogonal  signals: 


who :  i>  v  =  hx  ;  x  *  ,  T.  ■  |  x  I  ■  .  I  II.'  .  ISO  .  >i:  t  ;  jut  s  a  :  >■  .  pi  1  n  -■  •  ;:i  .1  1  1  /.  1  r.  d  t  In' r  .  >pt  1  p  1  1  1  y 

'  >m:  p  1  n  ed  1 1  y  Fh"  idapt  1  v..-  I. MS  o  uni  >  1  ne r  .  We  rot  r  (hit  !  lit’  '.So  deep  flu*  null-steer  1  r.  g 

while  the  I.MS  i'.t'nlii  !i.‘!  pert  >r  '".s  IS.*  ho  .1  m-s  f  eo  1  1  t:  j  t  ,  sepai  .it  o  tin-  signal  from  t.  h'"  Intel- 

t  •  •  1  in  n  c  •  > . 

I"  si'ii  how  the  OSD  helps  t  1  spee.j  up  the  I.MS  combine!  ,  we  mite  that  tot  the 

example,  the  t;so  weight  is  app:  iximately  v  -  0.5.  It  follows  that  the  oso  outputs  ate 


=  -0.4s  +  h  }  -  0 .  Sr. 

These  signals  ate  then  pi  i  r.-egua  1  :  zed  ami  then  fed  to  the  I. MS  eomliir.ei.  Since  xj^  is 
mainly  ir.terf  "pence  and  x^  is  mainly  signal,  the  effect  ive  signal  to  intetfeter.ce  ratio 
aftet  gain  equalization  Is  0  dB.  At.  this  SNR,  the  coinhtnet  can  juickly  tiack  the 
signal,  i.e.,  a  shot  ter  averaging  tune  is  tegutted  to  ait  Ive  at  the  collect  weights.  If 
the  eomhinot  wete  to  opetafe  on  the  signals  xj  tr.d  x2  instead,  as  in  the  case  of  the 
•ie  tin-sf.oorcr  in  the  BS  /NS  ptoressot  ,  a  much  lor.get  averaging  would  be  requited  to 
.-xi  :  act  the  signal  t  ;  oin  the  jam-ting  noise. 

N  ite  that  the  optimum  I.MS  combiner  weights  tot  this  example  ate  Wj  =0,  w2  ~  -2> 
wtiicti  yields  the  out  put  •/  in  Equation  (lri).  The  two  adaptive  ptocessots  yield  the  same 
output  1  r;  the  st.  eady-s  t  a  r  e .  The  ditteience  in.  petfotmar.ee  lies  in  the  tracking,  or, 
t : a  ms  lent ,  behavior  of  the  two  processors,  i.e.,  the  averaging  times  required  to  reach 
steady  state. 

The  (iso  car.  fie  realized  using  I.MS  adaptation,  direct  matrix  inversion,  or  by  com¬ 
putation  in  an  off-line  processor  us  in }  digitized  versions  of  the  signals. 
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transfer  function,  that  are  spaced,  in  frequency,  of  1/fc. 

So,  for  a  given  1C,  it  is  possible  to  design  an  integrate  coding/modulation  structure,  with  bandwidth  l^c,  that  allows  to 
minimize  the  losses. 

In  particular  an  efficient  technique  consist  in  the  mapping  of  codewords  into  channel  waveforms,  by  means  of  multiple 
frequency  shift  keying  (MFSK),  and  with  a  frequency  shift  between  the  symbols  equal  to  l/L'C  ,  if  L  is  the  number  of 
tones  of  the  modulation  (  L  =  8  for  example). 

For  a  given  geometrical  situation  a  value  of  bandwidth  B  is  required  to  enable  the  efficient  transmission  of  a  particular 
word  not  only  over  a  minima  of  |H  (w)|  but  also  over  a  maxima. 

Fig.  2  shows  the  bandwidth  required,  with  several  aircraft  -  satellite  geometries,  to  obtain  the  transmission  of  a 
codeword  over  a  whole  period  of  the  transfer  function  JH  (w)|. 

Fig.  3  simply,  shows,  a  typical  function  |H  (w)|  and  fig.  4  represent  the  possible  allocations  of  the  eight  frequency  slots  of 
two  signals  arriving  from  the  satellite  repeater;  the  frequency  slots  of  the  signals  are  multiplexed,  staggering  the 
frequencies  of  a  quantity  equal  to  the  symbol  rate,  so  that  the  transponder  bandwidth  can  be  more  efficiently  utilized. 
Tig.  2  shows  that  the  bandwidth  requirements  does  vary  with  the  aircraft  height  and  that  the  more  demanding  situations 
are  the  ones  relative  to  low  aircraft  heights. 

A  bandwidth  of  about  20 0  KHz  con  be  suitable  for  heights  above  I  Km. 

If  the  reflection  is  diffuse  rather  than  specular,  the  multipath  signal  is  the  sum  of  rays  scattered  from  several  points  of 
the  earth's  surface.  The  channel  tranfer  function  might  take  the  form: 

H(w)  =  HI  -<*«) 

where  K  refers  to  an  infinitesimal  scattering  area  that  contributes  to  the  multipath  with  a  delay  VKand  with  a  reflection 

y  j*6<  . 

coefficient  o  ^  e 

We  have:  2 

|HM|  =  4  +  2  Z  (uCK- +  £  Y;Vjoos(o(Vi-'<^  +  ,£- 

and,  neglecting  the  infinitesimal  term's  of  second  order,  is: 

|  HM|=fl  +  2E  KKoos(cJ'CK-‘fj] 

The  delaysK  are  all  greater  than  the  one,  <T’min,  that  would  be  produced  by  a  2  ray  multipath. 

Also  in  this  case  the  bandwidth,  required  to  have  the  transmission  of  a  codeword  over  a  whole  period  of  |H  (w)|  is  equal 
to  I  I'C min.  So  the  fig.  2  represents  the  demand  of  bandwidth  also  fo  a  diffuse  multipath. 

4.  RECEIVER  FUNCTIONAL  DESCRIPTION 

The  detection  of  energy  associated  to  each  codeword  can  be  easily  performed  through  a  FFT  digital  filter  bank.  A 
simplified  scheme  of  the  frequency  characteristic  of  the  bank  is  shown  in  fig.  5. 

Vie  can  think  of  the  DFT  as  a  bank  o  matched  filters,  where  each  filter  is  matched  to  only  one  of  the  complex  sinusoidal 
sequences  of  the  basis  set,Ref.[l),  and  is  insensitive  to  the  others. 

In  other  words  the  q-th  DFT  filter  is  matched  to  a  sequence  of  samples,  taken  each  T  seconds,  of  the  form 

.  i  ui  h  X" 

c  /  -rl  _  A  J  '  n  _  e  j 


f,("T )  =  A 


1*% 


where  w,az33-;NT  is  the  observation  interval.  H 

Moreover  tneN  complex  sequences  are  orthogonal,  meaning  that  the  sumErvW)y»iy  is  zero  whenever  v*  I  ;  and  the  1-th 
matched  filter  output,  )X,  is:  ’**' 

U,-Z  Fr(nT)  4.^ 

n*l 

and  is  zero  when  v^l. 

However  the  problem  of  the  filter  sidelobes  contribution  must  be  carefully  considered,  especially  in  presence  of 
frequency  mismatching  due  to  Doppler  shifts  or  to  oscillator  unstabilities. 

A  possible  implementation  of  the  demodulator/decoder  is  represented  in  fig.  6. 

The  satellite  received  signal  is  converted  from  IF  analog  form  into  digital  complex  samples  carrying  frequency  and 
amplitude  information.  Two  parallel  IF  to  baseband  converters  operate  in  quadrature  each  followed  by  A/D  converters. 

A  64  point  FFT  performs  the  square-law  envelope  detection  of  the  channel  symbols.  The  maximum  likelihood  of  each  of 
64  codewords  of  a  Reed  Solomon  8-ary  code  is  computed  and  a  soft  decision  is  carried  out. 

In  fact  the  decoder, that  achieves  the  smallest  possible  probability  of  error  in  chosing  the  correct  codeword  based  upon 
the  received  waveform,  computes  the  64  decision  variables  (log  -  likelihood  quantities): 

i-V.,..,  *4 

where  1 1  denotes  the  w-t  FFT  matched  filter* output,  for  W  =  1 ,  ...,  8  and  W  ^  is  the  Kth  element  of  the  ith  codeword. 
The  above  described  operation  requires  that  the  FFT  is  matched  to  the  received  signal.  To  this  purpose  a  Doppler 
Tracking  Loop  (DTL)  has  to  be  implemented  wich  sets  the  converted  tones  exactly  at  the  center  of  each  filter. 

Also,  an  AC,C  system  normalizes  the  average  output  of  the  detector  to  avoid  gain  variation  (and  instabilities)  in  the  DTL. 
The  Doppler  shift  sensing  is  obtained  through  comparison  of  the  outputs  of  two  contiguous  filters.  Fig.  7  represents, 
conceptually,  how  the  measure  can  be  performed. 


3.  PERFORMANCE  RESULTS 


A  model  of  the  digital  communication  system  that  we  have  considered  is  shown  in  fig.  8.  The  transmitter  employs  a 
combined  encoder/modulator  to  generate  the  waveforms  from  the  input  data  bits.  In  ref.  (2)  the  performances  of  a  M- 
ary  non  coherent  multichannel  communication  system,  using  orthogonal  codewords  are  derived. 

A  multipath  model,  considered  there,  is  the  Rayleigh  channel  that  is  a  useful  theoretical  reference  model,  for  the 
performance  of  the  assumed  system. 

Moreover  we  assume  that  the  codeword,  chosen  for  transmission,  is  selected  from  a  set  of  64  equiprobable  words  and 
that  each  codeword  is  sent  to  the  receiver  with  a  constant  energy  waveform  composed  of  a  sequence  of  M  sinusoidal 
symbols  at  different  frequencies.  Assuming  for  M  the  values  7,  8,  9  the  curves  of  fig.  9  can  be  obtained. 

The  same  figure  represents  the  performance  of  the  FSK  uncoded  system  over  a  Rayleigh  channel. 

The  curves  of  fig.  9  take  into  account  the  supplementary  energy  required  for  the  word  syncronization  and  Doppler 
compensation.  In  the  hypothesis  of  M  =  7  a  total  of  8  symbol  are  assumed  to  be  transmitted  for  each  codeword. 
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SUMMARY 


Tactical  satellite  communication  systems  may  provide  service  to  high  performance  aircrafts  employing  antennas  with 
relatively  wide  beamwidths. 

Unfortunately,  the  fadings  and  multipath  phenomena  could  strongly  influence  the  capability  of  point  to  point  data 
transmission. 

In  order  to  overcome  the  problem  of  the  design  of  a  coding/mo-demodulation  structure,  and  to  determine  the  actual  link 
margin,  an  analysis  and  a  simulation  of  a  multipath  channel  has  been  performed. 

The  performance  gains  that  are  achieved  with  the  use  of  a  suitably  wide  bandwidth  modulation  and  with  three  different 
theoretical  fading  models  are  shown. 

The  problem  of  the  bandwidth  spreading  has  been  related  to  the  aircraft  height  and  to  the  geometry  of  the  multipath 
model. 

A  solution  to  the  problem  of  multiplexing  of  several  wideband  signals,  over  a  repeater  bandwidth,  has  been  proposed  and 
the  performances  of  a  receiver,  based  on  a  FFT  spectra  analyzer,  are  illustrated. 

The  simulation  results  confirm  that,  the  FFT  based  receiver  allows  the  soft  decision  demodulation  of  one  or  several 
simultaneous  channels,  with  performances  that  are  very  close  to  the  ones  given  by  the  optimal  receiver  for  ortogona) 
codewords;  moreover,  the  FFT  solves,  elegantly,  the  problem  of  noppler  shifts  even  in  presence  of  fadings  and  with  the 
capability  to  track  the  satellite  signal  even  for  maneuvering  aircraft. 

1.  INTRODUCTION 

Purpose  of  this  work  has  been  to  study  the  improvement  offered  by  the  FFT  processing  of  the  signal  transmitted  by  a 
fixed  station  to  a  satellite,  and  then  received  by  an  aircraft  in  level  flight  or  manoeuvering. 

The  FFT  processing,  useful  for  the  non-coherent  detection  of  a  MFSK  signal,  could  be  used  also  for  Doppler 
compensation  and  code  word  synchronization  in  a  multipath  environment. 

2.  GEOMETRY  FOR  MULTIPATH  AERONAUTICAL  CHANNELS 

The  signal  arriving  at  the  aircraft  antenna  is  the  sum  of  a  direct  ray  and  a  (potentially)  indirect  ray  resulting  from 
reflection  of  the  satellite  signal  from  the  earth  surface  and  received  by  the  aircraft  user. 

The  user  antenna  is  assumed  to  be  almost  omnidirectional  so  that  a  multiplicity  of  indirect  signals  arrives  to  the  user 
delayed  with  respect  to  the  direct  path. 

Being:  h  the  height  of  the  aircraft  with  respect  to  the  earth  surface;  0  the  angle  between  the  two  segments,  aircraft 
center  of  the  earth,  and  satellite  -  center  of  the  earth;dthe  distance  between  satellite  and  the  surface  point  directly 
below  the  aircraft,  we  have: 

*n,;n  (6-6  COS  0 

where  V  min  is  the  minimum  delay  between  direct  and  indirect  path,  R  is  the  earth  radius  and  c  is  the  speed  of  light. 

The  delay  of  the  indirect  ray  w.r.t.  the  direct  one  is  shown  in  fig.  1  for  different  aircraft  heights  and  different  angles. 
The  minimum  delay  occurs  when  the  aircraft  is  at  low  altitude  or  when  the  elevation  angle  of  the  satellite,  with  respect 
to  the  earth  surface,  is  low. 


3.  DIVERSITY  RECEPTION  AND  BANDWITH  REQUIREMENT 

As  shown  in  fig.  I,  the  differential  delay,  that  characterizes  the  aeronautical  channel,  assumes  values  ranging  from  0  to 
several  ,usec. 

Moreover  the  reflected  ray,  combining  with  the  direct  one,  results  in  additive  or  destructive  interference  causing  a 
"reinforcement"  or  a  "weakening”  of  the  signal. 

In  case  of  specular  reflection  (in  flat  sea  state)  the  transfer  function  of  the  channel  can  be  represented  as: 

where  JT  eJ  ‘  is  the  reflection  coefficient  of  modulus^  and  phase andfcj  is  the  actual  radian  frequency  of  the  signal. 
We  have:  . 

iHMh[(uyz)+2Ycos(u>  <c-<e)] 2 

That  reveals  a  minimum  if: 

=(2K-H)tf  K  =  0,<l,  ■ 

or.  in  the  hypothesis  of  a  radian  frequency  shift^O,  if: 

=  (2K+|)1T 

So,  whenAu/fis  equal  to  a  integer  multiple  of  2  It  ,  we  have  a  second  minimal  condition. 

In  other  words,  the  two  ray  fading,  in  the  hypothesis  of  an  unchanged  reflection  coefficient  (which  is  reasonable  lor  a 
very  small  frequency  shift,  of  the  order  of  I%o  of  the  signal  center  frequency)  causes  a  set  of  minime,  of  the  channel 


DISCISSION 


L.W. Lamport.  Cie 

l  or  detection  of  a  spread  spectrum  signal  with  convolvers  sou  have  to  invert  the  reference  code  with  respect  to  the 
transmitted.  When  you  are  using  a  code  which  is  many  bits  long,  have  you  to  know  in  advance  the  time  structure  of  the 
code,  i.c.  bit  structure  and  periodicity'’ 

Author's  Reply 

The  appropriate  reference  signal  must  be  known  at  the  moment  the  incoming  signal  is  entering  convolver.  If  the 
reversing  ol  the  codes  is  performed  in  shift  registers,  hv  first  loading  the  register  with  code  and  then  shifting  in  reverse, 
the  code  has  to  be  known  at  a  time  equal  to  the  length  of  the  convolver  before  TO  A. 
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CONVOLVER  OUTPUT  SIGNAL  FOR  INPUT  SPECTRUM  SHOWN  IN  FIGURE  8 
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r/T  is  the  time  axis  and  r/T  represents  the  phase  of  the  received  signal 
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FIGURE  4 .  CORRELATION  FUNCTION  FOR 
REFERENCE  1  AND  RECEIVED  SIGNAL 


FIGURE  5 .  CORRELATION  FUNCTION  FOR 
REFERENCE  2  AND  RECEIVED  SIGNAL 


r/T  is  the  lime  axis  and  r/T  represents  the  phase  of  the  received  signal 


FIGURE  6.  CORRELATION  FUNCTION  FOR  RANDOM  ARRIVING  PREAMBLE  AS  SEEN  THROUGH  THE  APER¬ 
TURE  WINDOWS  OF  CONVOLVER  1  AND  CONVOLVER  2 
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FIGURE  7. 


EXPERIMENTAL  PERFORMANCE  OF  SYNCHRONIZED  MODEM  WITH  WHITE  GAUSSIAN  JAMMER 


:  -4 

F  \ per i merits  have  verified  that  correct  operation  is  attainable  to  -28  dB  SNR.  The  degradation  from  30  to 
28  tfrl  is  due  to  internal  reflections  within  the  convolver,  where  the  coded  signal  beats  with  its  time- 
symmetrical  image  and  raises  the  overall  peak  sidelobe  level  by  2  dB. 

Ixpenments  have  also  verified  that  pulsed  CW  jamming  gives  no  further  degradation  relative  to  continuous 
jamming  even  if  the  pulse  frequency  is  phased  to  the  code  chip  frequency. 

It  wideband  white-ruuse  jamming  is  applied,  the  obtainable  jammer  spectral  intensity  will  generally  be 
much  lower.  The  threshold  setting  of  the  correlation  peak  detection  circuit  will  have  to  be  adapted  to  a 
maximum  allowable  false  alarm  rate.  This  is  the  same  situation  as  in  pulsed  radar  systems,  where  a 
target  (correlation)  is  to  be  detected  in  the  presence  of  clutter  (noise),  and  the  same  theory  applies. 

It  is  important  to  note  that,  owing  to  the  expected  stochastic  noise  in  a  practical  system  the  probabi¬ 
lity  of  detection  will  never  equal  unity  because  a  high  probability  of  detection  corresponds  to  a  high 
late  of  false  alarms. 

The  performance  of  the  system  with  respect  to  wideband  Gaussian  noise  has  been  measured  to  a  precision  of 
10"*1  (10^  samples).  Figure  7  shows  the  probability  of  detection  against  signal/noise  ratio,  with  the 
false  alarm  probability  (threshold  setting)  as  the  parameter.  These  curves  give  the  basic  performance  of 
the  system.  They  are  within  the  significance  of  the  measurements  m  accordance  with  theory.  As  can  be 
seen  from  the  curves,  the  probability  of  detection  exceeds  99.99%  for  signal/noise  ratios  greater  than 
-15  uH  at  false  alarm  rates  of  less  than  10“®. 

At  the  99%  level  of  detection,  which  is  a  reasonable  point  of  operation  during  transmission,  the 
necessary  input  level  varies  by  less  than  2  dB  for  false  alarm  rates  between  1Q"^-10“®. 

The  conclusion  uf  the  performance  evaluation  is  that  the  modem  performs  according  to  expectations.  The 
protect  ion  given  by  the  spreading  code  is  maintained,  even  during  severe  jamming  conditions. 

5  PRUPAGAT  ION  TF.ST 

So  far  only  preliminary  field  trials  have  been  earned  out  due  to  the  fact  that  appropriate  test  equip¬ 
ment  is  still  under  development.  The  purpose  of  the  performed  tests  have  therefore  been  to  verify 
laboratory  tests  and  to  demonstrate  the  modem.  For  the  same  purpose  the  modem  is  used  to  transmitt  5 
de ita-muduiated  voice  channels.  For  simplicity  the  300  MHz  IF  was  transmitted  directly  without  hetero¬ 
dyning.  The  antennas  used  was  disc  cones  with  a  gain  of  2  dBi,  the  transmitter  and  receiver  antenna 
heigths  were  3  respectively  12  m.  For  line  of  sight  communications  across  a  distance  of  25  km,  140  mW 
radiated  power  was  sufficient  to  attain  accepable  voice  quality  when  little  interference  was  present. 

This  corresponds  to  a  power  density  of  only  1  pW/KHz  and  shows  the  potensial  for  concealed  com- 
mun mat  ions . 

F  lqure  8  shows  a  situation  where  two  strong  and  unwanted  signals  and  several  unwanted  weak  signals  are 
present  within  the  spread  spectrum  bandwidth.  The  spread  spectrum  signal  is  barely  recognized  in  the 
noise  as  a  slight  curvation  of  the  noise  floor  inside  the  bandpass  filter  of  the  receiver. 

for  this  test  the  distanse  is  7  km  and  the  terrain  roughness  parameter  A  h  is  20  m.  Figure  9  shows  the 
corresponding  convolver  output  signal.  The  two  correlation  peaks  exhibit  conditions  of  multipath.  Due 
to  the  t imecompression  in  the  convolver  the  delay  of  the  reflected  signals  is  twice  the  time  between  the 
peaks.  The  presence  of  multipath  was  also  seen  as  distortion  of  the  spectrum  of  the  received  signal  when 
full  power  was  transmitted. 

The  two  narrowband  signals  are  apprently  removed. 

The  preliminary  field  trials  have  clearly  demonstrated  the  LPI  potensial  of  the  modem  and  indicated  that 
performance  m  all  respects  are  according  to  theory. 

When  the  new  test  equipment  is  available  a  complete  test  program  will  be  conducted.  The  data 
analyzer/logger  under  development  is  based  on  a  7  80  uP  and  are  very  flexible.  It  will  measure  and 
record  bit  error  rates  and  probability  of  synchromzat ion. 

A  special  part  of  the  test  program  will  investigate  the  influence  of  a  DS  spread  spectrum  system  on  con¬ 
ventional  communication  systems  both  analog  and  digital  and  vice  versa.  This  part  of  the  program  is 
carried  out  m  co-operation  with  the  Norwegian  Telecommunication  Administration. 
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The  detection  concept  presupposes  random  arrival  time  of  the  messaqe  signal.  Coarse  synchronization  of 
convolver  reference  signal  and  received  signal  under  these  conditions  introduces  special  and  significant 
problems  related  to  correlation  ambiquit ies.  The  convolver  differs  from  a  usual  matched  filter  in  the 
sense  that  the  reference  is  not  merely  stored  but  rather  recirculated.  Thus  the  received  siqnal  and  the 
reference  may  not  only  produce  one  correlation  peak  at  the  output  for  each  databit  period  but  multiple 
peaks.  The  peaks  do  however  differ  considerably  in  magnitude  and  it  is  not  unimportant  to  choose  the 
larqest  possible.  The  problem  is  however  that  at  the  point  in  time  when  one  correlation  peak  is  detected 
the  receiver  do  not  out  of  hand  have  any  information  on  whether  a  larqer  peak  will  arrive  later  or  if  the 
largest  peak  has  been  missed.  This  situation  is  a  result  of  the  random  phase  of  the  recirculatinq  code 
reference  when  the  siqnal  arrived. 

for  the  reported  desiqn  the  two  DPSK  convolvers  are  linked  to  a  pair  of  code  generators  recirculating 
code-references  which  are  time-reversed  images  of  the  expected  transmitted  preamble.  The  two  references 
are  identical  but  are  time  displaced  by  one  hit  time  (=  1  data  bit).  The  references  and  the  received 
signal  propaqate  in  opposite  directions  in  the  convolvers  so  that  they  have  an  apparent  relative  speed 
twice  the  actual  speed  of  either.  It  takes  four  bit  times  for  a  received  preamble  to  pass  completely 
through  the  convolver,  and  thus  four  partial-correlation  peaks,  spaced  one  hit  time  apart,  will  result  at 
the  output  of  each  convolver.  This  is  shown  in  figures  4  and  5. 

These  multiple  partial  correlations  introduce  ambiguities  and  detection  methods  are  required  that  can 
guarantee  that  only  the  largest  peak  produces  a  synchrom/at ion.  Some  systems  (2)  use  coincidence  detec¬ 
tion  and  loqic  qatinq  to  remove  the  ambiquities  and  quarantee  correct  synchronization.  This  method 
usually  requires  storing  and  delay  of  the  output  from  one  of  the  convolvers  until  there  is  a  decisive 
output  from  the  second  convolver.  The  practical  realization  of  delay  and  store  is  considered  nontrivial, 
and  the  coincidence  method  may  also  require  a  nonprocessed  or  dummy  bit  in  the  messaqe  preamble  to  align 
local  reference  and  received  siqnal  which  increases  the  time  to  synchronize.  These  problems  are  avoided 
in  this  system  usinq  a  specially  designed  scheme  of  time-displaced  references  and  aperture  siqnals. 

The  synchronized  aperture  siqnals  are  simple  aperture  window  functions  defininq  what  may  be  said  to  be 
useful  reqions  of  correlation.  There  are  two  window  functions,  one  for  each  of  the  DPSK  convolvers,  and 
they  open  at  time  intervals  displaced  by  half  a  bit  time.  The  functions  are  traced  in  fiqures  4  and  5. 
They  remain  open  for  half  a  bit  time  every  two  bit  times.  With  a  25%  duty  cycle  for  each  aperture  window 
and  the  use  of  two  convolvers  recirculatinq  the  same,  but  time-displaced,  sequence,  the  received  siqnal 
is  observed  half  the  time.  This  is,  however,  acceptable  because  of  the  time  compression  due  to  coun- 
t erpropaqat inq  references  and  received  signal.  The  time-bandwidth  product  of  input  and  output  siqnals 
remains  the  same,  and  no  significant  information  is  removed. 

The  correlation  at  any  instant  is  defined  as 

rriRR  =  (5,)n(A‘h  o  <  i  <  p-i 
J  =  1,2 

where  S  is  the  received  sequence  of  elemnts  a^,  a^ ,  a2,...,  a2Q46»  and  A-'  :  5  is  the  time-displaced 
reference,  the  overbar  denoting  time  reversal.  The  parameter  I  describes  the  distance  from  the  edge  of 
the  output  transducer  to  the  position  of  the  received  siqnal. 

figure  6  shows  the  phase-time-correlation  function  for  a  randomly  arriving  messaqe  as  seen  throuqh  the 
aperture  windows  of  convolvers  1  and  2.  As  the  figure  points  out,  the  larqest  partial-correlation  peak 
is  seen  first,  either  by  convolver  1  or  by  convolver  2.  Thus  there  is  no  need  for  storina,  delaying  and 
logic  qatinq  to  determine  the  received-signal  arrival  time.  To  brinq  the  received  siqnal  and  references 
in  bit  alignment  for  full  correlation,  the  receiver  uses  counters  that  keep  track  of  the  recirculatinq 
references.  The  use  of  time-displaced  references  and  two  aperture  window  functions  ensures  that  the 
larqest  part  la 1-rorrp lat ion  peak  is  detected  within  an  epoch  of  two  time  bits  from  the  appearance  of  a 
messaqe.  This  is  important  because,  after  the  two  time  bits  of  the  preamble,  the  next  bit  in  the  messaqe 
will  enter  the  convolver,  and,  in  order  to  perform  demodulation,  the  references  must  also  start  to  enter 
the  convolvers  at  this  point  in  time.  Thus  the  siqnal  processing  used  avoids  the  need  for  nonprocessed 
or  dummy  hits  in  the  messaqe,  and  the  system  achieves  synchronization  after  20  usee. 

If  the  peak  is  detected  before  two  time  hits  have  elapsed,  the  code  generators  are  stopped,  loaded  with 
their  starting  vector  and  then  restarted  on  information  from  the  counters.  The  counters  keep  track  of 
the  reference  time  base  and  determine  hy  how  much  it  must  be  shifted  to  achieve  perfect  alqinment.  This 
removes  any  loss  due  to  misalignment. 

4  f CM  TESTS  ON  MODEM 

Measurements  have  been  performed  to  evaluate  the  modem  performance  in  widehand  and  narrnwhand  jammer 
env  l  moments . 

The  processing  gain  offered  by  the  spreading  code  will,  in  principle,  give  equal  protection  against  wide¬ 
band  and  narrowband  jammers  of  equal  energy  within  the  processed  frequency  band.  This  system  with  a 
spreadinq  code  chip  rate/data  bit  rate  of  ~  1DDG  should  thus  allow  for  jammer  energy  to  exceed  signal 
energy  hy  up  to  3H  dR  before  detection  becomes  impossible. 

fxtensive  tests  have  been  performed  with  CW  jamminq  of  the  transmissions.  The  frequency  spectrum  of  the 
transmitted  code  consists  of  lines  separated  by  the  inverse  of  the  code  length,  and  the  energy  in  each 
line  is  given  by  the  M5K  power  distribution.  A  CW  iammer  will  beat  with  each  of  these  lines,  and  the  sum 
of  all  these  heats  will  be  seen  as  sidelobes  in  the  correlator  output  siqnal.  The  sidelobe  pattern  will 
have  a  rapid  frequency  dependence  as  the  beat  frequencies  change,  but  the  envelope  will  remain  constant. 
The  detectability  of  the  spread-spectrum  signal  should  thus  be  unaffected  by  the  jammer  down  to  a  30  dR 
negative  s iqna 1 /jammer- leve 1  ratio,  where  the  sidelobe  level  approaches  that  of  the  correlation  peak. 


I  ML  SURFACE  AClJUbllt:  WAVL  CONVOLVER  AND  Rf  SUBSYSTEM 


Ihe  basic  concept  of  surface  acoustic  convolvers  is  to  launch  acoustical  waves  on  opposite  ends  of  a 
piezoelectric  crystal  with  sufficient  acoustical  amplitude  to  activate  nonlinear  effects  in  the  crystal. 
As  the  two  waves  overlap,  they  will  interact  through  the  non J inear i t les  to  induce  a  potential  on  the  sur¬ 
face  uf  the  crystal  which  is  proportional  to  the  product  of  their  amplitudes.  If  this  potential  is 
integrated  along  the  surface,  the  total  voltage  is  proportional  t.o  the  convolution  between  the  signals 
leaving  the  two  transducers.  It  is,  however,  necessary  for  one  of  the  input  signals  to  be  time  inverted 
1/1  older  to  compensate  for  the  effect  of  wave  propagation  in  opposite  directions. 

If  the  twu  acoustic  waves  with  wave  vectors  k^,  k^  and  frequencies  f ^ ,  f^  are  launched  in  opposite  direc¬ 
tion  ik^  =  -k^)  and  with  the  same  frequencies  (fj  =  l2^»  the  resultant  product  wave  will  have  wave  vector 
k  =  +  k,^  -  U  and  frequency  f^  +  =  2f ^ .  The  convolver  is  then  said  to  be  degenerate,  and  the  pro¬ 

duct  wave  can  be  picked  up  by  integrating  the  potential  along  the  convolver  the  integral  expressing  the 
correlation  between  the  two  signals.  If  k  were  nonzero,  an  interdiqital  transducer  would  be  needed  to 
couple  out  the  convolved  signal. 

Transmitter  and  receiver  modems  for  spread  spectrum  signals  based  on  acoustoelectric  convolvers  as 
programmable  matched  filters  has  been  developed  at  NDRE .  Ihe  modems  offer  fasL  synchronization  and  may 
handle  burst  formatted  messages  or  digitized  speech.  With  a  bandwidth  of  1U0  MHz  and  an  IF  center  fre¬ 
quency  of  300  MHz  the  time  between  clock  cycles  is  short  and  efficient  algorithms  have  been  developed  to 
synchronize  the  received  signal  and  the  reference  in  the  convolver.  Ihe  system  is  developed  fur  MSK 
spreading  modulation  and  DPSK  data  modulation  with  a  Processing  gam  of  30  dB  during  data  transfer  and  33 
dB  during  synchronization. 

A  convolver  design  specifically  adapted  to  process  MSK-modulated  waveforms  was  reported  in  1980  by  Engan, 
Inqebrigtsen  and  Rormekleiv  (1).  In  this  system  the  convolver  frequency  response  and  phase  charac¬ 
teristics  are  matched  to  the  spread-spectrum  signal  (with  timebandwidth  product  of  ~  1000)  in  order  to 
optimise  the  dynamic  range  of  the  signal  processing  unit. 

The  DPSK  data  modulation  requires  the  convolver  to  have  a  length  of  2  data  bits  and  separate  convolver 
plating  fur  each  data  bit  as  depicted  m  figure  1. 

i* fiu ice  of  KF  -modulat.  ion  scheme  is  crucial  to  system  performance.  Military  tactical  communication  requires 
maximal  spirt ral  flatness  and  constant  envelope  waveforms  in  order  to  minimize  jamming  and  intercept 
susceptibility.  Phase  or  frequency  shift  keying  give  the  required  constat  envelope,  but  out  of  band 
energy  is  high  due  to  the  sharp  transitions  m  the  RF  waveform.  Minimum  frequency  shift  keying  (MSK),  as 
used  in  this  system,  is  advantageous  compared  to  PSK  or  FSK  because  fractional  out  of  band  power  is  less 
and  f  he  signal  waveform  has  a  continuous  first  derivative.  Ihe  block  diagram  uf  the  receiver  is  shown  in 
figure  2.  from  the  HF-front  end  the  signal  is  entering  an  IF -preprocessing  unit  at  the  intermediate  300 
MHz  frequency.  Ihis  unit  is  critical  to  system  performance  because  of  the  very  broad  bandwidth  of  the 
system.  Ideally,  the  signal  entering  the  convolvers  should  have  a  uniform  spectrum  and  be  free  from 
narrowband  interference.  Research  is  presently  going  on  at  NDRF  to  achieve  increased  FCM  performance 
through  limiting  m  the  frequency  domain  by  means  of  Touner  transform  processors.  The  system  is  imple¬ 
mented  using  linear  1M  sweep  signals  and  chirp  filters  implemented  in  SAW- t echnoloyy .  Ihe  transformation 
of  the  fatal  received  signal  to  a  representation  m  frequency,  "spreads"  the  different  interference  out 
in  time  and  a  limiter  can  in  its  simplest  form  be  used  to  reduce  interference  "peaks".  The  system  is 
shown  schematic  in  figuie  5.  A  conventional  configuration  do  however  consist  of  bandpass  filtering  and 
automatic  gam  control. 

The  reference  sequence  is  MSK  modulated  onto  a  carrier  in  the  same  way  as  in  the  modulator  and  convolved 
with  the  incoming  11 -signal. 

henerally  MSK  modulation  is  achieved  by  converting  the  code  bit  stream  to  a  RF  waveform  by  hopping  bet¬ 
ween  two  f requeue l es  separated  by  half  the  bit  rate.  By  switching  frequency  at  the  top  of  the  waveform, 

t.  he  first  derivat  ive  will  lie  continuous  and  out  of  band  power  and  spectral  roll  off  is  at  optimum.  For 

this  system  MSK  modulation  is  implemented  by  passing  a  PSK  modulated  carrier  of  frequency  f^  through  a 
bandpass  filtei  with  a  smx  x  transfer  function  centered  at  f~  and  with  a  null  to  null  bandwidth  equal  to 
i  fiat  of  the  PSK  signal.  Ihe  filter  is  implemented  in  SAW  technology. 

Herat  is*'  **,irh  i  unci  l  ver  operates  at  SO  “o  duty  cycle  due  to  the  DPSK  data  coding,  two  convolvers  are 
operated  in  a  h i t -st aggered  fashion.  A  receiver  control  and  reference  generator  unit  feeds  the  con¬ 
volves  ■;  with  the  appropriate  sequences  while  selecting  the  required  outputs  from  quadrature  hybrids.  The 
hyhi  ids  detest  the  mint  i\e*  phase  between  the  convolvution  output  of  each  half  of  each  convolver  and 

dependent,  on  the  data  content  the  cm  relation  peak  will  appear  on  either  the  )  or  A  port,  of  the  hybrid. 
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fu  avoid  i  epeat  mg  code-,  and  their  vulnerability  to  jamming  special  emphasis  must  be  put  un  spreading 
code  design.  In  tin*  test  system  the  uploading  codes  used  during  dat  at  ransnuss  ion  will  however  tie 
segments  from  a  long  <nd»*.  Hue,  makes  it  possible  to  transmit  on  the  order  of  one  thousand  data  bits 
each  using  ciu-.erijt  iw  and  different  segments  of  the  long  sequence.  However  message  synchronization  to  a 
precisian  -if  one  sp  i  ending  rode  bit  must,  as  m  all  spread  spectrum  systems,  fie  performed  before  any  fine 
sv  m  h  run  i /af  inn  and  data  demodulation  takes  place.  This  requires  a  suitable  preamble.  In  the  test, 
sv stem  Me*  choice  is  a  max ima I  - 1 engt h  sequence  with  good  autocorrelation  properties  and  a  duration 
equivalent  f  twu  data-hMs. 
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ABSTRACT 

Communication  systems  employing  wideband  digital  techniques  and  special  modulation  methods  are  presently 
being  developed  to  support  the  reguirements  for  speed  and  volume  as  well  as  survivability  and  efficiency 
in  tactical  battlefield  data  distribution. 

The  transport  of  information  in  a  battlefield  scenario  presents  considerable  problems  where  both  the  laws 
of  physics  and,  enemy  and  own  actions  are  limiting  factors.  Introduction  of  spread  spectrum  equipment  able 
to  withstand  the  electronic  warfare  threat  has  often  been  impracticable  in  tactical  systems  with 
"push-to-talk"  signalling  CW  of  the  reasons  has  been  synchronization  difficulties.  Rapid  and  effective 
synchronization  of  spread  spectrum  systems  often  requires  matched  filter  processing  in  the  receiver.  The 
realization  of  such  filters  presents  technological  problems  for  high  data  speeds.  Surface  acoustic  wave 
(SAW)  technology  has  however  been  very  promising  in  this  connection. 

The  paper  will  present  a  spread  spectrum  modem  utilizing  state  of  the  art  SAW  technology  to  process  the 
communication  signals.  The  system  operating  at  UHF  is  optimized  for  "push-to-talk"  operation  with  a 
synchronization  time  of  2B  usee  and  offers  data  speeds  up  to  100  kbit/sec.  With  a  processing  gain  of 
approximately  30  dB,  the  radio  modem  is  also  able  to  resolve  and  reject  multipaths  on  the  order  of  10 
nsec.  It  is  thus  expected  to  avoid  certain  selective  effects  due  to  multipath  which  are  usually  encoun¬ 
tered  in  narrowband  communication  systems. 


1  INTRODUCTION 

The  recent  rapid  advance  within  computer  technology  has  made  cheap  processing  power  available  for  mili¬ 
tary  command,  control  and  communication  systems.  Computers  able  to  handle  and  classify  received  data  no 
longer  represent  any  major  technological  challenge.  On  the  other  hand,  transport  of  tactical  information 
within  the  areas  of  battle  do  represent  significant  problems  where  both  the  laws  of  physics  and  own  and 
hostile  electromagnetic  activity  represents  degrading  factors.  The  need  for  updated  and  to  the  greatest 
possible  extent  correct  scenarios  make  it  necessary  in  certain  situations  for  the  radios  to  handle  high 
signalling  speeds. 

For  appropriate  functioning  in  the  anticipated  electronic  warfare  (EW)  scenarios  new  radio  systems  are 
expected  to  apply  various  measures.  The  most  noted  of  these  measures  are: 

Direct  sequence  spread  spectrum 
Frequency  hopping 
Antenna  nuiisteering 
Adaptive  frequency,  filtering 
Adaptive  power  control 
Automatic,  adaptive  traffic  routing 

Communication  systems  employing  wideband  digital  techniques  and  special  modulation  methods,  such  as 
direct  sequence  spread  spectrum  are  presently  being  developed  to  support  these  reguirements  for  speed  and 
volume  as  well  as  survivability  and  efficiency  in  tactical  battlefield  data  distribution. 

Introduction  of  spread  spectrum  equipment  able  to  withstand  the  electronic  warfare  threat  has  often  been 
impractical  in  tactical  systems  with  "push  to  talk"  signalling.  One  of  the  reasons  has  been  synchroniza¬ 
tion  difficulties.  Rapid  and  effective  synchronization  of  spread  spectrum  systems  may  require  matched 
filter  processing  in  the  receiver.  These  matched  filters  are  usually  implemented  as  correlators. 

State  of  the  art  digital  gates  and  advanced  ESI  design  are  presently  only  able  to  handle  spread  spectrum 
datarates  of  a  few  kbit/sec  if  a  reasonable  EW  protection  is  to  be  built  into  the  system.  And  the 
demands  on  the  processor  are  not  modest.  If  for  example  the  datarate  required  is  close  to  100  kbit/sec 
and  fW  considerations  demands  a  processing  qain  on  the  order  of  1000,  the  processor  in  the  receiver  must 
be  able  to  carry  out  one  thousand  multiplications  and  summations  in  a  time  period  of  10  nsec,  or  in  other 
words  100  billion  (10^')  multiplications  and  summations  in  one  second.  Digital  signal  processing  is 
usually  associated  with  increased  speed  but  for  these  wideband  systems  analog  processing  may  outperform 
digital  processing  due  to  the  natural  speed  in  the  physical  process  in  analogue  matched  filters.  In  this 
respect  Surface  Acoustic  Wave  devices  seem  optimal  for  high  speed  systems. 

These  devices  are  basically  analog  delay  lines  with  a  propagation  delay  of  a  few  microseconds  per  cen¬ 
timetre  and  an  operating  frequency  in  the  range  of  1-1000  MHz  and  fractional  bandwidlhs  up  to  10051. 

When  used  as  a  processing  device  in  direct-sequence  spread  spectrum  communication,  the  usefulness  of 
fixed-function  matched  filters  is  limited  because  repeated  use  of  the  same  spreading  code  makes  the 
system  increasingly  vulnerable  to  eavesdropping  and  intelligent  jamminq.  Thus  processing  of  effectively 
coded  direct  sequence  spread  spectrum  signals  requires  cor  re lat lon/convoiut ion  of  signals  against  a 
variable  reference  signal  as  is  attainable  in  programmable  matched  filters. 
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DISCISSION 


J.S.Belrose,  (a 

I  wonkl  like  to  iixk  two  questions  relating  to  the  praetieal  application  of  the  sophisticated  signal  processing  techniques 
that  you  have  described  tit  I  IF  and  for  the  more  typically  employed  baud  rates  (say  75  and  500  baud). 

1 1 )  You  mentioned  that  for  these  adaptive  techniques  to  work,  you  need  to  have  a  large  number  of  bits  in  each  fading 
cy  cle.  Will  these  techniques  therefore  work  for  signalling  rates  significantly  slower  than  those  you  have  used  in 
your  simulation  tests?  and 

(7)  I  lave  your  techniques  been  hardware  implemented,  and  used  at  signalling  rates  of  2400  and  2000  baud  in 
practical  Ilf  links'1  If  so.  where  and  for  what  links  (path  lengths  and  latitudes)? 

Author's  Reply 

1 1 )  I  hese  adaptive  coding  systems  should  be  easier  to  implement  for  low  data  rates  because  less  memory  is  required 
to  store  the  bits  over  multiple  fading  epochs.  The  equalization  techniques  do  not  require  delay  s  on  the  order  of  the 
failing  epochs. 

1 2 )  Nignatron  is  presently  developing  an  Ilf-  modem  using  the  principles  presented  in  my  paper. 

B. Burgess,  l  k 

I  hank  you  for  an  excellent  review  paper,  which  was  comprehensive  and  will  need  reading  main  times.  I  have  a  question 
relating  to  comparison  of  modems  as  illustrated  in  your  Figure  4.  In  NATO  on  this  side  of  the  Atlantic  we  have  been 
exposed  to  the  merits  ol  the  ANDVT  (Advanced  Adaptive?  Narrowband  Digital  Voice  Terminal)  which  incorporates 
a  modem  pioneered  at  NR  I  and  is  I  believe  the  ('OI)IM  as  described  by  (  base.  Can  vou  give  anx  comments  on  the 
performance  ol  this  2.4  kb  s  sxstem  compared  with  those  given  in  vour  f  igure  4. 

Xuthnr's  Reply 

I  Ik  AN  I  )\  I  uses  a  parallel  lone  modem  approach  and  has  a  pcak-lo -average  ratio  of  about  S  dB.  I  lence  its 
pel  lot  manee  is  Mimlai  to  the  parallel  tone  modems  shown  in  mv  Figure  4.  Filial  transmission  using  adaptive 
equalization  and  cm  >i  col  lection  a iding  has  the  potential  to  perform  mam  dll  belter. 
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138  MIlIS 
FREQ  =  5.7  GHt 
OATA  RATE  •  9.9  H>/« 
BANWIDTM  *  18.5  Itte 
DIVERSITY  ■  2S/2F 
2Sn  -  9.14 

itype  •  ops* 

FJSEP  -  21.8  lib 


-5  8  5  18  IS  28 

DOST  PER  DFO  BIT  /  NOISE  OENSITT  CEb/No)  PER  DIVERSITY, 


Figure  9  Predicted  MMSF.  Per  forma  nee  with  Out-of-Band  Interference 


A  simulation  has  been  performed  in  order  to  evaluate  the  receiver  capabilities  in  terms  of  bit  error  rate  with  respect  to 
the  bit  energy/noise  power  density.  Fig.  10  represents  the  simulation  results  of  the  described  receiver  in  absence  of 
fadings  and  for  gaussian  noise  only. 

The  figs.  II,  12,  13  represent  the  simulation  results  in  presence  of  multipath.  Fig.  II  points  out  the  difference  between 
the  theoretical  performances,  i.e.  64  exactly  orthogonal  codewords  employing  7  symbols  each,  over  a  Rayiaigh  channel, 
and  the  system  with  64  Reed  Solomon  codewords  employing  7  symbol  of  a  8-ary  alphabet. 

The  degradation  of  the  performances,  in  the  second  case,  are  due  to  the  imperfect  orthogonality  of  the  words. 

Fig.  12  represents  the  performances  in  case  of  a  2  ray  channel,  with  reflection  coefficient  =  0.5  and  random  phase 
angle. 

A  FFT  processed  bandwidth  of  204.8  KHz  and  a  spacing  of  25.6  KHz  between  the  8  FSK  tones  has  been  considered. 

The  rase  with  differential  delayV  -  5.6  .ns  clearly  shows  the  improvement  of  the  frequency  diversity. 

The  improvement  is  high  at  low  Fb/No  and  becomes  increasingly  smaller  at  high  Eb/No.  The  reason  is  that,  at  low  Eb/No, 
the  frequency  diversity  allows  the  reinforcement  of  .he  amplitude  of  half  of  the  symbols  of  a  codeword  so  that  the 
average  word  energy  is  increased  (see  fig.  14). 

In  fig.  13  the  case  of  a  R  icean  channel  with  reflection  coefficient  Y-  0.5  is  considered. 

Also  in  this  case  the  improvement  due  to  the  bandwidth  spreading  is  clearly  shown,  with  increasing  performance 
improvement  when  ^  * 

6.  CONCLI  miNC  REMARKS 

Tiie  basic  modulation  -  coding  design  considered  here,  together  with  a  FFT  based  demodulation,  allows  the  simultaneous 
reception  of  several  MFSK  Signals  with  a  reasonable  hardware  complexity. 

Multipath  propagation,  causing  frequency  selective  fadings,  is  efficiently  counteracted  by  the  coding  and  the  suitable 
choice  of  a  pseudorandom  allocation  of  the  frequency  tones. 

The  computer  results  yielded  information  on  the  error  rate  performance  and  on  the  pull-in  behaviour  of  the  loops  used 
for  fine  time  and  frequency  adjustments. 

The  simulation  showed  that,  at  the  signal  to  noise  ratios  required  by  the  decoder,  the  final  pull-in  of  the  loops  could  be 
accomplished  in  less  than  50  codewords  with  degradation  of  the  order  of  0.2  dft  and  for  Doppler  frequency  of  1  KHz 
w.r.t.  a  central  frequency  of  300  MHz. 

With  a  suitable  choice  of  the  DTL  bandwidth,  so  that  the  r.m.s.  error  in  the  frequency  unstability  compensation  is 
nr-ghgeable,  the  frequencies  of  the  complex  tones  processed  by  the  DFT  coincides,  in  mean,  with  the  basis  set. 

In  fart,  with  frequencies  of  the  complex  tones  shifted  with  respect  to  the  basis  set,  it  is  possible  a  leakage  of  signals 
from  one  to  another  channel  and  a  contribution  in  undue  filters. 

However  this  event  can  be  overrided  adapting  the  filter  parameters  of  the  DTL  to  the  various  tracking  requirements. 
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transmission  ;ci ie.,,es  can  .jc  seriously  deqraded  wnen  spectral  nulls  in  the  cnannel  fall  on  or  near  one  of 
tnc  tone  frequencies  used.  10 
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i\  scrum.  ounl  i  juration  for  an  df  iiioden  uses  sinqle  tone  M-ary  l.IK  i.ouul  at  ion  and  a  decision 
fued.jueK  equalizer  (Did!)  omployinq  suae  form  jf  recursive  least-squares  estimation  for  adjusting  its  tao 
aiqhts  Cl7l(L  lii.l  ,  L  l'-’J  f  (sec  tiijurc  3,  ami  *>)  .  jn  contrast  to  tar  mil ti tunc  case,  a  sinqle  tone 
o.jen  in  principle  suffers  Lron  none  of  the  above  consequences,  doth  uiqlier  d  ita  rates  and  lew 
(no  inuily  unity j  .JCak-to-averujo  ratio  can  no  achieve* i  ay  a  ninqle  tone  .Tiodom.  Nevertheless,  there  are 
x-vornl  cir-.wuuoKss  related  to  the  ui-v:  techniques,  one  disadvantage  of  tnc  OKI  s  that,  tee  equalizer  tap 
vei  juts  ..ust  caanqe  tore  quickly  than  tne  d'.annel  rloeo  in  order  for  tnc  equalizer  to  track  the  channel. 
I'm.;  i, qln.s  that  a  rast  converqinq  aljoritiim  tor  upiatinq  the  Urt-I  is,  needed  even  if  the  channel  varies 
very  .lewly  in  tire.  ’.Me  coiiipitational  eu.ilwity  of  a  fast  converjinq  alqoritim  such  as  tiie  square- 
ri«at  rial, ran  jl  joritiui,  for  upiatinq  tne  qualizer  tap  weiqats  is  proportional  to  i-j2  per  symbol ,  where  N  is 
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the  number  of  ta^i  in  tin.  DFK.  Consequently,  a  fairly  complicate*!  signal  processor  is  required  for 
implementing  the  LiKK.  A  second  uisudvantaye  of  the  UF11  is  that  an  AtiQ  training  scheme  is  needed  for 
attaining  high  throughput  and  gixxi  per  for 'nance.  The  dt’  training  scheme  e:'.,  ployed  assumes  a  lull  duplex 
link.  The  return  link' is  set  act  iocs'  not  available  or  ;oor  in  quality.  Frequently,  the  intended 
application  provides  a  forward  acting  link  only.  A  third  disadvantage  of  the  DFC  is  mat  tne  equalizer 
may  "hang  up"  due  to  a  dee;  channel  Lade.  A  decision-directed  signal  will  drive  the  feed  forward  tap 
weights  to  zeros  ana  signals  with  alternate  signs,  appear  in  the  decision.  When  this  occurs,  t De¬ 
uce  i  sion-di rccted  error  signal  -joes  to  zero  and  the  equalizer  stays  in  the  ill-conditioned  state  until 
the  training  signal  is  enacted  again. 


An  Example  of  a  Communication  System  Using  a  DFE  Technique 


t-Tcuic;  i.  variation  of  channel  weights 

In  order  to  get  around  the  three  major  urawuacc;  found  in  the  OFF  techniques,  a  new  method  cal  led 
ilata-Pircctcd  Estimation  (MIC)  was  developed.  The  proposed  scheme  uses  single  tone  (or  carrier) 
tru;!.;,..i:  sion  ud  1  Cast-Squares  adaptive  teenniques  for  dealing  with  fading  and  multi, ath.  however ,  in 
contrast  with  the  earlier  metixxi,  which  used  Decision-Fecdtiack  Equalization  (DFE)  and  sy.iibol-by-symbol 
equalizer  adaptation,  t,n_  Dul  ie  based  u.x»n  direct  estimation  of  channel  parameters  and  data  blocks. 
Training  oat  a  is  erajculco  into  the  transmission  in  the  fori;,  of  blocks  of  training  bits  alternated  with 
nloOK'.  oi  source  uata  at  a  fixed  (though  sclectaolc)  fraction  of  tile  trans.  .ission.  In  contrast  with  tiic 
Urll  teciini  jucs,  t  ic  iXKl  is  forward  acting  only,  not  requiring  a  teedhek  link  for  retraining  the 
■  jja  1  !  zc . 

For  I.,rit  .,  so  -  usr  iole  ruiulat  ion  alphar.ict.s,  ulixex  paraiiiOters,  1. it'.  1  rates,  ..orccntaqc  oi 
training,  through. jut  and  .  oxinu-i  allowable  multipath  sprevn.  for  an  HF  moue:-:  using  tiio  DDE  techniques  are 
list -xi  in  Tai  Ie  1.  Tne  oi<  c<  ; urometers,  M  and  W,  denote  the  sizes  of  the  block  for  source  uata  arm 
training  1st.;  respectively.  Tu<  Mxie:..  proposed  nere  uses  a  2,400  keying  rate  ur.u  a  3  kirz  oandwidth. 
i-rir  Tat.-lc  l,  it  is  clear  t  ..it  t!iC  single  tone  none:;,  using  tne  [«E  titdliliijUC:.  :.ay  achieve  a  uata  rate  up 
to  ;,pr./ri'  or  nigticr. 


ADAPTIVE 

TRACKING 

ALGORITHM 
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don> 


a.  d  at  i  -A  i 

An  ada  rive  i  a/  in  .1  nynt<*e  consist  ing  of  an  array  of  antenna  Mem*  rate;  an.  a  re.-l-t  icr  . t  ive 
receiver -processor  ■■i/hicn,  given  «_»  .>:a  t-steei  ing  ajcraio,  samples  its  current  environment  .iixi  then 
aut« vat  ioal  •  /  eruce-x.s  to  a*.; just  its  el c. -cat  control  heights  towurd  optimization  {usually/  <jI  tar  ,/>! put 
SNU  in  accordance  .vita  sulectea  algorithm  (see  fig into  9).  These  antenna  system  ure  Six.et  i :  < 
r-.'t  crr«M  to  us  "s;  art "  arrays,  a  ter  n  wiiicn  is  not  inappropriate  uincu  they  at  il  ive  tar  ure  oi  tac 
information  iv.iilanlc  i;i  the  antenna  a-jerturc  tnan  does  a  conventional  array. 

GENERAL  AOAPTIVE  NULL  STEERER 


O--  AUXILIARY  ANTENNA  ELEMENT 


F  RUM 1  lJ . 

Convent ional  coin  unication:;  and  radar  antenna  systems  arc  susceptible  to  de.jraaation  in  ;>bi< 

4xr  for  nance  caused  by  umicsired  "noise"  .vhic’n  intrudes  via  the  antenna  sidclolxs  and  itainlooes.  The 
noise  :  .ay  consist  of  r<F  inter Cercnce  (KFI)  ,  clutter  scattcrcr  returns,  and  natural  noise  sources.  Tnis 
degradation  is  often  further  aggravated  by  motion  of  the  antenna,  poor  siting  conditions,  multipath,  anc 
a  caangimj  interLercnce  environment.  Adaptive  array  t.c.chniguos  alter  possible  solutions  to  these 
serious  interference  problems  via  their  flexible  ca^bUM ies  for  automatic  null  steering  and  notching 
in  the  otial  remain,  tae  frequency  domain,  and  in  txulari nation.  Adaptive  nulling  is  considered  to  be 
the  principal  MneCit  of  adaptive  tochnigues  at  the  present  time. 

In  addition  to  the  automatic  interference  nulling,  adaptive  arrays  can  Lx  designed  to  incorporate 
their  /.ore  traditional  cj  abilities  for  self-bucusing  on  receive  anti  the  conjugate  function  of 
ret  rod  in  ct  ive  transmit.  Also,  iigjortunt  side  Ixncfits  arc  iossiblc,  such  as  eum.xnsut.ion  for  antenna 
: j n>  1/  <. ) r  s< ;a  1 1  e r  e r  d  i  s tor  t  i on  off  ec  t  r> . 

Acur-tive  antennas  have  been  under  uevoloprcnt  in  various  fur.ms  during  tiic  ;ost  toe  decades  or  so, 
/vlt.K'ug:.  adaptive  antennas  have  only  Men  used  in  small  nujnLxrs  thus  far,  they  have  proven  themselves 
c  i. v.i.de  oi  reject  ing  interference  to  an  exte  nt  that,  is  unprecedented .  Most  high  Axr Lormance  radar  and 
carmunicat  ioftfc  systems  txring  i<  signed  to  work  in  these  environments  currently  incor, orate  adaptive 
antennas.  The  dcvclounrnt  of  spread  Sixctrum  tochnigues  si  au.l  tuncounly  with  adaptive  antennas  provides 
a  formi  lablc  set  cut  technol  ugies  fV>r  Interference  resistant  systems.  These  tec!  mol  op  os  are'  com-  gatible 
and  ire  fre  quently  used  in  the  sure  system.  An  adaptive  antenna  i..  relict:  u  x>n  to  attenuate  strong 
interference  si  pals  as  the/  app.eir  at  ‘■lie  tocci  x.-t  "front  end."  Spread  s.xctrum  techniguos.  arc  used,  to 
neutralize  1  irge  au;  a.  r.;  i>f  i  s»tot  *  ome<n  osre*  s  that  '■  \i\  not  •>'  <  li:.  inata.  totally  .//  the  a«.u  »t.  i  v 
ant'U'.n.- . 

‘t  h  i  ;jva: icc s  is  -ria  t  iv:  nra/  '-^p.noiogy  h.iv:  «;ent,,rir*i  or:  dev  I  orient s  in,  muloj  citouit 
Mr  i.v.ir'  .  hipf-jj  ear  Jv»rr  ‘  *  > :  ax  >i  ■  >/;  has  nuc- a  hi,;,  level  of  Piaturity  in  r'-c«.nt  yars,  i:  <  -  is.  no'.-.’ 

.  *  i^,:  -i  i  o  .  *-< .  -a  j  t  iv’  rrr..  's.  in  art  Lc  d  .ir  ,  ••.ivent  of  J-hah  .e».»o  inahg-  tv/--  d  jit  il  ce»::v.rt'.  ten 

a  nr  .  ucro^r a  *•  >i s  .a.,  .ah..-  aigit  i\  ,  r-'xve-si.v  S-?asi:»ic.  lor  aiuptiv.  array  -ippl  iojt  ion:  . 

i-i  .  i  *■ .  d  1  ■  :■ i  j. ».  . ;  r  i  d  .  •  ir«  •  f*'r  t  1  *  •  x  i .  i  I  it  .  i;i  ur-iy  »r(.x;*  :eing  *.  i.a.'  o  »n  P  .  :t 

•• ,  Mr-  (L'M  trci.ni  ]•-!'  ...  'ji'.u  oi  ti  a  vj>r  .  snath  nf  *  sr  t  a;it  .  idv.int . »  ,;en  ol  »ii  /it,.}]  .  L*>_vc.si:i  \  ;  '  \,k 
.  nr  '  ;  !  It  /  j  ;-ji  j  ,.i  1  jor  1 4  *u  ■  -u  sign  h.o  :  *:>  :.or  i ...  b  -at  at  i*  *u.  p<  >r  rx-uyi-:',  t :  •  an.  deg  h  *. 

d  a  p  j,  d’  dtan*o,idy  . :  v  <h  I  i  •  s.  i  partie'slir  v*  ;•  j  1 1  * -■ ■  t  <  -r:  i  i :  li  v  \  ah  jor  i 4  .u>i,  u-jt  a  urt  iruL.U'  !  lai’a.v.a  < 

.  .  h  ■  •  «  P  ,  : 1 .  Pal  :  a  f  *.;•  '  in;  :  •  « ;i >  i  /;•  > ,  ‘  r ,  f  J .  ■  •  »t  :  a  .  •  id ,  . » 1  1  •  x.  *  '■  i*  xt:i  I  ;•  -at  ;i>n  «‘i  4  ■■■*  i  it. 

e  i  L  ”a  1  .it  i  .  d  nr  :hr  (-'.j.,  ud-,  s.  i  plr  alrix  r.  .v:  rsi»  »n,  recursive  .atrix  inv-Tsion,  ilc.)  ,  ‘';euat- 

f  '  •  »  ;  'i:  n P  I  I  »"  ■  >:  .  f  .  j:n  •;<  j- *.•;.*<  t  •  v*  ;  h*  :  i  V'  .i.ji  1  >: )]  ,  t  '  ic '  . .  !  >  hi  na*  f,  i  -v  i  ‘  , 

•  >r  ‘tic-]’,  it  •  •  .  fix  f  rv  w  ;  ;  U  ,  ‘In"',  a  iy  *  to  *  "oi-."  dpi  I  ra  nhirh  t !  k.  /  .at  *  i<  ,  -  r 


TABLE  1 


Modulation  Alghal>ets,  Block  Parameters,  Data  Kates,  Percentage  of  Training,  Throughput  and  Maximum 
Allowable  Multipath  Spread  for  hr  Modem  Using  the  DDE.  Techniques  with  2,400  keying  !!ate  in  3  <Hz 
Bandwidth. 


'kxlulation 

block 

Data 

Percentage 

of 

Through¬ 

Maximum 

Allowable 

Multipath 

Alpi  mtets 

Parameters 

Hates  (bps) 

Training 

put 

jpread 

4/ 

M=20, 

N=2G 

2,400 

•30% 

50% 

0.3  r.c 

; 

'.-32, 

h=16 

3,200 

33-1/3% 

66-2/3% 

G.u  nus 

M=36, 

M=12 

3,000 

25% 

75% 

5.0  ms 

4 

:=2u. 

M=20 

3,600 

50% 

50% 

C .  3  ms 

vsk 

>1=32, 

N=16 

4,600 

33-1/3% 

66-2/3% 

o.O  iS 

11=31, 

U=12 

3,400 

25% 

75%  11 

5.0 

lo|J 

M=20, 

N=20 

4,300 

50% 

50% 

0.3  ms 

task 

11-32, 

N-16 

0,400 

33-1/3% 

66-2/3% 

6 . 6  ms 

>1-36, 

11=12 

7,200 

25% 

75% 

5.0  ms 

With  linear  DDE,  the  source  data  block  (b0,  hj.;— i)  is  estimated  :jy  a  Levinson  recursive 

algorithm.  With  non-linear  DDE,  only  bo  and  l^rn-l  obtained  from  ^  Levis^n  algorithm  are  kept  and  o  to 
bin-2  discarded  ir^the  ty^st  step  of  estimation.  Tiie  estimates,  and  b^-i  are  then  quantized  to  the 
nearest  syir.’xals,  bp  anti  respectively.  The  decisions,  Tt,  anti  i},,,  are  substracted  from  the 
simultaneous  orations.  The  M-2  symbols  (bp,  and  bj ,  ...»  b;:vp2)  left  are  estimated  by  a  Levinson 
algorithm  again,  anu  so  forth.  The  procedure  described  here  is  used  recursively  until  all  the  anknuwn 
syj'.jols  are  obtained.  In  loth  linear  and  nonlinear  DDE  teciini(;ues,  the  channel  is  estimated  by  a 
steoixrst-deeent  algor itlu.i  or  a  pseudo-inverse  algor ithm. 

As  a  linear  equalizer,  the  linear  DDE  lacks  the  ability  to  co;xj  with  the  severe  fading  dispersive 
iff'  radio  channels.  However,  the  nonlinear  DDE  works  extremely  well  'lndcr  the  same  severe  channel 
own* lit  ions.  The  nonlinear  DDL  can  achieve  performance  similar  to  the  DFE  or  tetter. 

The  nonlinear  DDE  (MODE)  can  achieve  data  rates  up  to  7,200  ops  in  a  3  kHz  bandwidth  with  wide 
multi  pith  spread  (c.g.,  5  ms). 

2.  A* !ar  tivc  Whi toning 

Spreau  -.ect  r  urn,  *:!irect  se...uence  or  pscu*  lo- noise  (PM)  modulation  is  employed  in  digital 
cmvunication  systems  to  reduce  the  effects  of  interference.  When  the  interference  is  narrow  band  the 
croc s-corrclat ion  of  the  received  signal  with  the  replica  of  trie  HU  code  sequence  reduces  t.nc  level  of 
the  interference  by  spreading  it  across  the  frequency  band  occupied  by  the  Pii  signal.  Thus,  trie 
interference  is  rendered  equivalent  to  a  lower  level  noise  with  a  relatively  Hat  spectrum, 
.simultaneously,  the  cross-correlation  operation  col laijscc  the  desired  signal  to  the  bandwidth  occupied 
by  the  information  signal  prior  to  spreading. 

rhe  inf •  rtcrcncc  irununity  of  a  PI.  spread  s;octrun  communication  system  corrupted  by  narrow  band 
intcrtcrenco  can  be  further  improved  by  filtering  the  signal  prior  to  cross-correlation,  where  the 
objective  is  to  ro.uco  the  level  of  the  interference  at  the  ex; lease  of  introducing  same  distorton  on  the 
lesimu  signal.  Tliis  filterin')  can  nc  accompl is'.icd  by  exploiting  the  wideband  spectral  characteristics 
of  the  interference.  Since  the  fitcctriiu  of  the  PN  signal  is  relatively  flat  across  the  signal  frequency 
.and,  the  presence  of  a  strong  narrow  Eiand  interference  is  easily  recognized.  Then  the  interference  can 
ije  ;n,  pressed  ;//  scans  of  in  appropriately  designed  linear  filter  (see  figure  7). 

Hsu  and  Giordano  L 12  1  considered  the  problem  of  narrow  ixsnd  interference  estimation  and 
s depression  by  :r<  jnr;  of  tvo  linear  prediction  algorithms,  the  .lurg  algor  it  ter  \_13  J  ,  LlO  ,  ana  the 
Levinson  algorithm  (_  L j  1  ,  l.L‘j.1  .  T'ne  channel  through  which  the  PtJ  spread  sioctrun  signal  is 
truer, ,  ittitig  was  assured  to  ,x;  nonoissersive.  kosults  -were  presented  on  the  effectiveness  of  the  linear 
prediction  filter  in  suppressing  tar  interf rrencc.  Performance  was  measured  in  terms  of  signal-to -noise 
ratio  at  the  output  of  the  p.j  correlator. 

Pruukis  anu  Ketchum  extended  tre  results  obtained  by  ii  >u  atm  Giordano  on  filter  requirements  and 
character i.st  ics  in  single  anu  multi;  1c  frequency  bano  interference.  In  addition  to  a  nondispersivc 
channel ,  they  consilcr  the  transmission  of  the  L’b  spteaa  icctcat  signal  over  a  channel  onaractcrizcci  '->/ 
fading  and  ...ulti.-ith  (time  diSjXtrsion) .  This  serves  as  a  model  for  radio  channels  such  as  HE.  The 
cxi stance  of  time  dispersion  in  the  received  signal  necessitates  so:.e  means  for  dealing  with  this  type 
of  distortion  at  the  receiver.  We  have  considered  the  use  of.  an  adaptive  decision-feedback  equalizer 
go  -ceding  the  I’M  correlator  for  oiti*  at  it.  j  the  effects  ol  time  ois;  ersion  due  to  multi pats  uud  tae 
linejr,  interference  suppression  filter  (see  figure  3). 


APPLICATIONS  OF  SPEC  I RAL  ESTIMATION 
TO  HF  SIGNAL  PROCESSING  (6.1) 

(NARROWBAND  INTERFERENCE  EXCISION) 


c  (» ) 

(DESIRED  SIGNAL) 


(RECEIVED  SIGNAL) 
S  (I)  =  C  (t)*h,(t) 

+  I  (0*h2(t) 


h,  (1) 

♦ 

CHANNEL 

IMPULSE 

RESPONSES 

* 


w ' 

Y  (CO  CHANNEL 
I  INTERFERENCE) 


tow:  7. 


EXCISION  FILTER  RESPONSE 

FILTER  ORDER  =»  29 

SNR  WITHOUT  FILTERING  -  -20.000  dB  PER  CHIP 

FOUR  INTERFERENCE  BANDS.  5%  SIGNAL  BANDWIDTH  EACH 


FREQUENCY  IN  FRACTIONAL  BANDWIDTH  OF  DESIRED  SIGNAL 
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MICROCOPY  RtSOLUUON  I tST  CHARI 


1.  Sample  X^d) 

J  J» 

2 .  Form  B  »  1  l  ** 

J  J-l 

3.  Form  P  -  d.  XT 

J  J 

4 .  Invert  R 

5.  Form  Product  R~^P 

6.  Apply  Weights 


Fiona:  Uj.  matrix  invasion  processor 


MATRIX  INVERSION  PROCESSOR 

NS(t) 


W  =  R'1  P 
opt 


i  J  j*  j 
E  Xm*n 


ALGORITHM 

BRUTE  FORCE 

NUMBER  OF  CHOLESKY 
MULTIPLES  _ 

TO  COMPUTE  SQUARE  ROOT 

R'l  - 

FACTORED  SQUARE  ROOT 

FACTOREO  INVERSE 


PER  UPDATE 

PER  BLOCK  (2n  SAMPLES) 

±n3+|n2  +  §n 

|  n3+2n2  +  2n 

|n3  +  2nz+f  n 

I  n3  +  5 n2  +  4n 

6  2  3 

fn2  +  fn 

f  n3+  8n2  +  3-n 

2n2  +  6n 

|n3  +  7n2  -|n 

§n2  +  |n 

3n3+ 8n2 

(■‘[(JUKI.  11. 


.10-10 


Digital  processing  teciini  jut  s  an:  not  wit  lout  ..  isadvantaqcs,  however.  Tuc  iurgc  tiiliajcr  o! 
com;>utat  ions  required  Lor  typical  orix-essing  applications,  anti  the  s,x'e.i  lit  itatio.".s  of  dijital 
iianwiiro,  cu.i  seriously  li  it  t.io  processing  s;x:e.i  or  responsiveness  of  tuc  array  system.  Tin:  . .ynafl.se 
range  pro.oleiiH  typically  faced  wif.i  analog  array  processing  designs  also  appear  in  digital  designs:  in 
tiic  tor.  ,  ot  processor  worulenutn  (precision) .  Long  woralcnqths  result  in  slower  processing  speed. 

Processor  amputation  rate  (computations/sec)  may  loc  increased  using  parallel  cor, nutation 
techniques  anti  iiign  It  vein  ot  prime  .nwer  to  exploit  the  s .-power  characteristic  of  the  digital 
hardware  teci ,nology .  These  .lie  trends  are  not  always  satisfactory  oecause  they  leatl  to  physically  larger, 
axtot  consumptive  designs. 

Processing  suiotl  na/  also  lie  inert used  uy  development  of  efficient  processing  algoritlns  ar.fl 
oicrat ional  implementations.  efficient  algorithms  are  those  that  re, ;ui rc  relatively  few  numerical 
operations  per  cycle  anti  relatively  i:r,precisc  calculations,  i.c.,  slxort  woriilengtii.  efficient 
implementations  are  tliose  that  permit  parallel  processing  of  high-ratc  and  law-rate  functions,  sucii  tiiat 
adaptation  response  is  relatively  fast  anti  accurate  with  minimum,  software  complexity. 

III.  CMlINELl  SPAOTI.-iil  PHU.iiilTLMI.’xl 

A.  Data  anti  Filter  models 

In  ort,er  to  grouse  maids  for  tuc  data  and  r.tcfiltcr,  it  is  necessary  to  first  understand  the 
ixisic  receiver  configuration.  The  basic  antenna  array  receiver  is  shown  in  Figure  12.  After 
eu olification,  the  M  received  analog  signals  arc  shifted  from  the  carrier  frequency  to  baseband  and 
low,)ass  filters,  then  Stuqoiea.  The  result  after  a  samples  is  a  complex-valued  discrete  ti.ne  data  array 
,x(i.t,p.).  for  lSmSi-i  and  l»rr6a.  This  uata  is  tiien  .oassed  through  the  two  dimensional  prefilter  to 
attenuate  the  noise  and  interference.  The  M  filter  outputs  are  combined  as  a  weighted  sun,  anti  this  sum 
is  sent  to  tnc  channel  equalizer  an.l  receiver  tlecodiny  oroccssors. 


I) 

0 


0 


FIGUdE  12.  T1C1  UASIC  Hi’’  AbTENNA  AKRAY  HLCEIVdk 

The  received  signal  at  each  antenna  consists  of  a  desired  signal  s(t)  incident  on  the  array  at  scr.ie 
angle  0S,  along  with  any  of  several  interference  signals  i*(t),  each  incident  at  some  angle  0*  (see 
figure  12).  The  incident  angles  are  assumed  unk’iown.  In  addition  there  is  additive  background  noise 
n(t).  Because  of  ;»ssiblc  signal  and  interference  source  movement,  and  because  of  HF  channel 
hi  stur, ounces,  the  amplitudes  and  incident  angles  of  these  signal  components  may  vary  with  time  at  a  rate 
th.it  is  assume- 1  to  be  slow  ccjiipared  to  the  data  sampling  rate.  These  signal  components  are  all  present 
in  tiie  discrete  .lata  array  measurements  ,x(,.i,n).;  in  ad,lition  there  is  a  noise  coii|xnnont  w(m,n)  due  to 
receiver  noise,  round-off,  etc.  Thus,  we  ray  write 


X(m,n)  =  S(ra,n)  +  ^  f ,,  (  m  ,  n  )  +  W(m,n)  +  n(m,n) 

k=  1 

Due  to  t  n:  t.:is|ersiv’.:  nature  of  tiv  dF  channel,  signals  arriving  from  toint  sources  are  spread 
s’,  ijiitly  over  a  small  spatial  frojuency  range,  .Ic  snail  assume  that  this  spreading  function  can  be 
mo...  let:  i,/  an  Ak'iA  function.  An  »»!0iA  model  is  roaust  since  as  the  spread  with  approaches  zero,  the 
spreading  function  becomes  a  limiting  AHMA  (1,1)  function. 

Tae  iicsi ret i  signa'  s(::,n)  is  a  spread  J^icetrin,  signal,  are.  is  well  modeled  as  white  noise  in  the 
to.i.xoral  frequency  bor.jin  Vi.  It  we  assui.it.  an  ARIA  s.wtial  spreauing  function,  then  a  two 
.  unions  ional  (2-1)'  id  V.  muxl  results,  similarly,  cacti  inter  ter  once  signal  is  often  modeled  as  a  complex 
exojncntiai  or  as  ..  .Uffi  process  in  the  tow|)oral  uauain  t_  7  ]  .  Since  a  complex  exponential  can  be 
inoii'lce  as  ttie  limit  ot  an  ,\HMA  (1,1)  process,  toy  again  assuming  an  AHMA  sixitiul  spreading  tunction  a  2- 
D  Aki-iA  model  is  obtained  for  each  interference  signal  as  function  a  2-b  AR'IA  model  is  obtained  for  cacii 
interference  signal  as  well.  The  noise  processes  can  also  tie  modeled  as  2-1)  AHMA  processes  3  •  Thus 

wo  tiave  imxlelcd  x(m,n)  as  the  Sum  of  ireie|iendent  AHMA  processes ,  which  is  itself  an  AHMA  (p^,  q( ,  P2, 

■\2)  process,  whore  p  arei  q  arc  the  AH  anil  MA  orders  in  tlic  Sjotial  frequency  direction,  arei  p  ana  q  are 
the  ah  and  MA  orders  in  the  tcm|xjral  frequency  direction.  The  corresponding  [xxwer  spectral  density 
function  is  given  by 


SX(Z  1,7-2) 


(2) 


A(Z  1  ,z  2) 


wnere  is  a  i  >ly.m>-.idl  ol  i.i  jrce  ag  in  a:;,:  i,^  in  /.),  i  A(.g,  i  .  u  ui  ot 

degree  p^  in  e  | ,  and  , -2  in  72- 

It  in  u’-uicnt  tnut  interior  ence  sijnals  and  sui.c  nose  . ,  ,;-cur  .in  ureas  ,  ,1  nigh  m-.or  m  ssity  i:i  tin 
2-D  l  reguency  plane.  An  a  pi >r  opriat e  inter  ter  ciutc  rejection  1  iltor,  tiv.11,  in  one  that  spectrally  waiteas 
tl.o  .lata,  a.n  this  flattens  suca  .t.kn.  It  tt»-  si  ;.ial  ;»vcr  in  .jeluw  the  liuct  jruun. .  noi;.c  .iwr  (..hich 
in  otten  too  cane  in  practice)  ,  a  whitening  tilter  nan  little  el  feet  on  tint  desired  signal ,  so  Slit  .irn 
:i,.K  .jait.n  are  realized  at  tne  filter  out;  Alt.  It  tin:  signal  ;rvet  is  su.ist.mt  ial  ly  alnvc  the  aoisu  nr.ver 
level,  a  whitening  filter  attc-iatn  to  attenuate  tiie  si  jhal  alonj  with  tiie  interference.  This  effect  in 
unavi e  wuen  tiie  signal  inciueat  angle  is  uiixauwn,  .in  ten.  whitening  filter  cuuivit  •  .istin.;uisii 
net ween  signal  unel  inter!  or  once,  However,  even  i.i  thin  cane  SIS  and  S:4K  gain:;  .tiu/  Sc  realized  at  ta* 

(  i .  t  or  oat;  ot  . 


Tne  o,  t  ii.ur  wni  tenin  j  filter  lor  ,x(  .i,n) .  !nn  traiiuior  function  fro:.  caen 
tne  torn 

A(e  J«  1  ,e  2) 

H(  e  1  ,e  W  2)  - - 

B(e  J"  1  ,e  J"  2) 


in  cit  t,  /  each  <  •uti.ut  of 


(.3) 


-.acre  A  a.vl  S  arc  jivi  a  in  i-.junt  ion  (2).  Since  !i  contain:’.  a  •  up  kjii.  inat  or  ter.:.,  it.  in  an  in!  inito 
i'l.i Alloc  r.n.one  (IIS)  filter.  Hit  filters  are  undersirahlc  ;«oaunc  tivey  tx.*;e  a  .-.taailit.y 
{vi- m  ci  illy  w..cr,  the  filter.,  are  tiu  vat/inj,  an  in  tne  case  sort  )  ,  u:.u  ./oc.  ij.no  fin;  ii  coefficients  ate 
often  uitticult  to  csti.i.ate'  accurately  witimut  a  large  mount  of  data  (cs.ocinlly  wtv'n  tnoro  arc  sharp 
nulls  i:i  tie  s  evtrii.) .  ueovijnc  of  t  u,  s,  .iroale  s  ana  noeassc  :;;«:ct  rai  nulls  are  not  for...Oii  !iy 
inter  l  or  once  signals,  ti.ero  sco.is  to  00  no  practical  reaso:i  to  ineor|Joratc  flte  axjfficionts  into  tint 
filter,  a  .-ractiia.il  alternative  filter  is 

H(eJwl,e1u2)  =  A(  e  J«  1  .  e  )“  2)  (4) 

w.ii  re  A  1-.  out. lined  a/  either: 

1.  1  i:vj  t:v:  nata  with  1 1 «'  A.C-«,  ..»>k:l  in  ■  elation  1  a.io  jni:v.  only  the  e.st  i.  .if.01  ,u< 

O  icie; its  in  (4). 

2.  iow-lin-i  the  .at.,  witn  an  i\  t  *>el  an.i  using  tie  estimate..  AK  13  ».'f  t  ieients  in  (4). 

Tne  ...a in  advance  of  the  first  alternative  is  taut  sharp  s;ectial  pea  as  present  in  the  data  arc  siorc 
cf  feet  ivi  ly  nulled;  trie  ;.ain  1  iv.inta  je  of  to  second  alternative  is  tint  aiu.e  of  tin;  ;iA  filtering  is. 
a  rtor..yj;iCc  aeeause  t.ie  entire  .yxretruui  is  approximated  hy  the  AK  nuxlcl.  Thus,  the  too  filter  utodcls 
r •_ ;.-r ■  .ant  1  trim -oft  :uetw<  on  ef foot  ivencss  in  el i.  an.it ing  nniruwourvl  interference  aim  cf  fcetivenesi;  of 
SjA-c*  rally  wnitening  the  nata. 

H.  ’ivo-p..  -nsionul  Ai. a  ,\l.,oritu  ,s 


1 : 1  tao,  section  we  -re*  one  one  class  of  AK  eooftieient  e.ti -suit  ion  al  joritltvs  derived  0/  considering 
‘in.  o.j-..i.rvcd  data  as  a  s.utivl.  Iron  j  ts;o-oi...ensional  stationary  ,u<i-lA  process.  Tno  derivation  inker,  use 
e>i  tin  tae't  t  i.it  ti.e  nit's inn  array  olonoats  are  coll  inear  a, id  equally  speed,  waica  res'ilts  ii. 
i a,  f  1  iciceiit  a:v  ot  the  lata  in.  )•  iterating  autixxarrclation  esti.'.atos. 


el*  >n. .  i.  i,  r  t.it:  2-i'  su;ii-ca  ral  Awo  receirn.ion 
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An  i.t  li-ctiV'  AK  o>!  t  iciest  -  ..ti.ation  roo  iure  can  .«•  horivex.!  0/  .1  ..  cal  ing  to  the  .1 1-  snows  Yuli 
.  1  i  r  -  -Jut  lot.,  wsich  ate  foum:  .//  .ul  t  i ;  1:  ,  i :  1. 1  i  : .  i .  1-  . .  *i  aat  ion  (  /)  . »/  .<*  (  -x,  ; .  —  L )  a.l.  t  a,  : . 
taxis)  la.-  •  x:».'ct'il  value  to  jive 


rx<k.l) 


Pi 


1*0 


a  I j  r  x ( k - 1 ,  1 -  1  )  =  0  ,  For  l>q3 


(7) 


r//  r*  j  .j-^oLurr-  1-it  ioa;  i : ;  {/)  v.  1 1 . .  ■  •  A  i  ..it  <•«  I  I  to.i  fn..  ji  Vc*u  . .  it i  -  »r  .1  .1  ..l.itrix 

- -i  - s, .i/roxi-1  Jtc  Y  ilo  W.ilKcr  •  ••  '.lution:;  .v«to*.o  .1  ut ir;:i  vi<'l  )'•  Ai<  <^jc!  t  ici>  ;it  *:  ti  I'o  t  Mio  >'n  1, 


mi  i : 


■  i-'tir.i'  ti.o  vittix  O' iu.it  ion 


A  A  A  />• 

r  +  Ra  =  fc. 


(8) 


wi.i-re  each  nxv  is  an  out i  ,ute  ot  equation  (7)  tor  a  articular  choice  of  the  ;wir  ( K ,  1),  K  and  r  are  a 
.  utrix  in:  a  vector  ot  autocorrelation  esti. nates,  and  a  is  a  vector  of  (unknown)  Ait  coefficient 
e:,t iiiiate.i,  oecause  autocorrelation  estimates  are  used  in  equation  (u)  ,  the  right  hand  side  is  not  in 
general  equal  to  zero. 

’"no  solution  to  equation  (ti)  represents  the  pretilter  coefficient  deter. filiation  algorithm  It  the 
ndii.ier  of  rows  in  (;.)  is  equal  to  the  number  of  Ai<  coefficients  then  £  can  be  made  equal  to  zero  and 


(9) 


Howi.v'-r ,  civoosinq  a  greater  than  minimal  nutd-er  of  rows  in  (d)  generally  results  in  improved  AK 
coefficient  cst states  y  .  In  this  case  the  Ait  coefficient  estimate  is  the  least  squared  error 
solut ion 


(10) 


Tin;  dagger  system  (f)  denotes  complex-conjugate  transposition.  It  can  lx>  seen  fruit  equations  (y)  and 
(1U)  tnat  generally  i.. -.proved  AK  coefficient  estimates  are  obtained  at  a  cost  ot  increase  computational 


There  irr:  several  standard  autocorrelation  estimators  that  nay  he  used  in  generating  K  anti  r.  One 
choice  is  the  jnoiused  estimator 

(KHMKTdh  ^  <•■> 

*  6 

wit*  re 

1,  2,  . ..,  ,-1-K  ,  ,<*u 


]  * 


1,  2,  M-l  ,  1>0 

1  +  1,  1  +  2,  ...,  II  ,  1<0 


It  is  ir~ortant  to  note  that  rx(K,  l)  is  formed  not  only  by  summing  over  time  lags  but  also  ay  n..ti;.;inq 
over  spatial  laps.  This  is  a  consequence  of  assuming  coll  incar,  equally  s;\ice  antennas.  .Vo  ".hall  sec 
that  this  procedure  uses  the  data  -uirc  efficiently  then  (o  uroco lures  .level  oted  in  tiic  next  section. 


The  values  of  k  anti  1  in  each  row  ot  equation  («)  siiould  generally  .x.  chosen  small  to  .n.i .< i size  tue 
n.»:ix.r  ol  data  l.ijs  Icing  su,  v.eu  to  f  <  >r..i  autocorrelat  ion  o  ;t  invites  (see  (11)).  ilqu.il  ly  i'.;ortaht, 

1  !«.'wev<  r,  is  tnat  by  judicious  selection  of  tue  (k,  1)  pairs,  and  oy  properly  ordering  ttie  rows  of  (.i)  , 
li‘z  st  ructur.  •;  in  thjj  .matrix  it  dan  lie  obtained.  This  can  significantly  reduce  the  cot:  .put.  it  i<  >:i.i  1 
mird'.r.  of  inverting  K  or  K+l<  til]  ,  \.12l  . 

It  cun  .  •  n  tii.it  the  AK  coot  t  ici>  nt  esti  tutors  (u)  and  (10)  presented  in  this  section  not  only 
provide  t  lexibil  it/  in  imdcl  order  selection,  but  also  make  efficient  use  of  the  given  data  in 
,  [..ruti::,  .tut  ■  cot  rt  l.itioh  i.  ate;..  However,  in  on.er  to  oiitain  flic  "o:.ti:..d"  Alt  o  >ef  f  icicnt  ;  at  c.icn 
ti.ie  n,  .me  id  prior.1;  a  rat :  i  x  inversion  every  tine  a  n<v;  data  paint  arrives  (i.t.,  at  caca  sample 
ird'ivili.  ,;v"r:  taxiq.i  "ft  icicnt  .utrix  inversion  ;  .roceourer,  are  available  cue  to  tue  special  utnicti.M' 
•  it  K,  iji'pr  itional  re  ;si re.i.ents  of  this  procedure  ean  x  very  high.  One  way  to  decrease  this 
o  ;  ut  it  ;  xi.il  .  ire  is  to  jo.iti  tin-  onof  f  icients  at  "very  V  nai.-i'le  intervals,  and  use  tin  se 
»  liici"!i':  1:1  *  s"  ..let  liter  until  the  next  aplatc.  ikwever ,  ..  more  attractive  alternative  is  to 
!•  v-  ion  !"e.;r  ,  v  V.  t  .ions  . .(  tiie  ul  jorit.i,  s.  bucli  recursive  ver.  ions  deterine  opti.ial  Ah  <  >  x'f  t  ieiests 
it  "Ver.,  . . v : ■  i » 1  •  ;  d  rv.il  .</  locating  +  hc  previous  est  inatos  rather  than  by  solving  for  then  tru;  semteh 

'  •-  r  y  t  i  -  .  ' 


,.  I'  IN 


:.,i‘  d  ;  ir.  i;ris  .  t .  i<  ■  ri  i.ilts  of  a  di  i-jxit  »:-r  si1  mint  ion  ot  the  Twix-pioensi,  mal  /hf,.  hlgotitn.  . 

:  .  .  ,r  ,,  iq  h  ;  *  i  •  r  ■  ",  i  ■  1 1  fsri"'  *  i  i  f  t  ■  -r  r'.nt  techniques  (or  cupput  i:ig  tlse  S|«g:trm:i  of  the  dioe  array  lita. 
l  ..  ■  'ri,  d.  i  .  .  r  din  ,y  t!i"  .  i  ,i  il .  d  ion  software  and  itnnsists  of  two  sinisoii.n  i  :i  wlii'e  nnim  . 

i'h,  a.v  r  in  "n'.i  -  -  musoid  in  i  ot,  and  *-he  white  noise  pxx-r  is  -10  ■!;>.  In  each  e.ani.  there  wan  three 
m‘  :.  i  ms  'it.,  pii:i‘.  ■  :ol  1  ■ .  d  m  i  !  r<  >  •  .  u  ri  i  antern.i.  In  r'iqure  A  a  s.wi-.nd  order  into  i  egre:  /  ive 
(AS I  ••»!•  !  si.  is,!  ti,  or,  ,  it.  ‘il/-  pet'iu'  of  the  data,  figure  !>  is  the  sane  as  I'igiue  A  e<,-r.j,t  tin 
1  •  .  d  .  ir-  ■  r  i  or  nint’en  t  •;  u.ed.  It.  'iqut.  e  a  . .  zero  ‘wtt  pile  anti+-ri  ■  ,t  ■  n.:  i  vn  'ovi  u  g-av  r.  tge 
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DISCISSION 


KAY.I.ampert,  ( ic 

What  an-  the  c  l, ism.",  of  discriminants  you  arc  using  for  your  adaptive  array  system 7 

Author's  Kr  pl\ 

No  disci  immants  are  used  for  the  2 -dimensional  spectral  whiting  filter  discussed  in  the  paper.  The  prefilter  inerels 
performs  spectral  smoothing.  In  terms  of  spatial  filtering  a  number  of  discriminants  are  possible.  Thev  are.  direction  of 
arrisal.  a  print  knowledge  of  desired  signal  and  knowledge  of  receive  frequency  (frequency  hopped). 


KAV  ..Jenkins,  (  a 

I  las  c  you  implemented  the  matrix  inversion  techniques  yet.  and  if  so.  what  are  the  matrix  inversion  times  achieved 7 

Author's  Reply 

l  or  the  worst  ease  matrix  inversion  would  require  n  +  at  +  n  complex  multiplies,  where  n  is  the  number  of  antennas 
I  or  example,  il  n  =  3  then  +  +  =  =  34  complex  multiplies.  At  10(1  m  Hops  the  update  time  is  34  ps  for  Choleskv 

+  I S  +  3  =  2o.  t.e.  2.h  ps  update  approx. 
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ABSTRACT 

Vlapiivc  Vntennas  are  a  kev  technology  in  providing  reliable  communications  in  an  interference  environment. 

I  lie  paper  will  describe  hey  developments  at  the  Rome  Air  Development  Center  ( RAIX  )  in  areas  of  adapt ive 
algorithms.  experimental  processors  ami  test  ami  evaluation.  The  developments  are  aimed  at  improving  adaptive  antenna 
pct  loimance  such  a--,  null  depths  over  bandwidth  and  in  high  multipath,  convergence  speeds  and  processor  si/e.  weight 
and  cost,  A  new  test  bed  at  RADC  called  the  f  lexible  Adaptive  Spatial  Signal  Processor  (I'ASSP)  will  he  described.  The 
I  \SSP  provides  the  capability  of  comparative  evaluation  of  various  adaptive  algorithms  in  either  or  both  of  two  inodes: 

1  nil  digital  heumforming  nullsteering  or  a  hybrid  mode  with  analog  weighting  and  digital  weight  computation. 


DISC  l  SSION 


l  AN  .1  ampert.  (  il 

ill  V\  h.il  .tic  the  const l. tints  when  using  dequeues  hopping.  especially  wideband.  on  the  anlennn  ,n  ray  (physical 
s'rncttne)  ami  arras  processor  ’ 

i'\  \\  hat  does  an  an. i\  look  like  lor  I II  (I  A  ;  ill  Ml  1/)  i  e  tspes  o|  arras  elements  dipoles  01  loop  and  geometrical 

ihstanee  between  them. 

Xuthor's  Repls 

til  I  or  wiilebaml  dequeues  hopping  adaptive  .mays  the  mam  constraints  associated  with  the  aperture  array  are  the 
ilccot  i  el  at  n  'it  ellects  and  dispersion  elicits  as  a  liinction  ol  the  signal  bandsvidllls  and  si/e  of  the  aperture  in 
w  aselengths  I  or  the  at  ray  piocessor  the  const  taints  ate  in  the  particular  implementation  chosen  ( a  dequeues  look 
ahead  approaches  lor  example)  ami  the  speed  ol  response  that  the  processor  has  to  operate  to  perform  the 
necessarv  weight  updates  to  follow  the  lici|Uenc\  hopping  roles. 

t  2  |  An  at  tay  lot  I II  lrci|ucncies  may  encompass  a  linear  array  of  quarterwase  stub  antenna  elements.  The  optimum 
spacing  lot  such  an  arias  should  be  on  the  order  ot  a  hall  wavelength  il  possible.  I II  arras s  have  also  been  looked 
at  nicoi  pot  tiling  combinations  ol  lineal  ill  pi  >lcs  ami  loops  as  well  to  achieve  alien  lat  discrimination. 


H..I.  Mhrechl.  ( le 

(  on  hi  vou  comment  on  the  minimum  frequency  ol  operation  (VI  lb.  1 11- .  I  I  .  I  I  I  )  ol  the  art  ass  in  general  and  the 

appioach  sou  described  in  pat  lieu lat . 

Vuthur's  Kepis 

(  I  I  In  general  adaptive  arrays  base  been  built  at  frequencies  dossil  to  1 1/  for  Sonar  (Acoustics)  applications.  At 

K.AIK  sse  have  built  and  demonstrated  adaptive  arrays  of  VI. I  frequencies  as  a  minimum.  The  processing  speeds 
lor  adaptive  arrays  is  fairly  independent  ol  the  operational  frequencies.  I  or  III'  frequencies  and  below  the 
adaptive  array  processor  can  be  implemented  all  digitally. 

<-)  I  or  tile  specific  approach  discussed  ( I  MS  processor  module)  the  operational  frequency  bandwidth  covers 
ipprosimatels  -to  on  Ml  l/. 
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RESUME 

Les  avantages  multiples  qu'apportent  les  systemes  de  transmission  a  etalement  de  spectre 
rendent  leur  utilisation  de  plus  en  plus  frequente  pour  les  communications  inilitaires.  Les  liaisons 
avec  etalement  de  spectre  au  moyen  de  sequences  directes  sur  une  tres  large  bande  peuvent,  suivant 
les  besoins,  convenir  pour  deux  types  differents  d'appl ications  :  avec  une  forte  puissance  a  1 'emission 
et  un  gain  de  traitement  eleve,  on  obtient  une  liaison  ayant  une  bonne  resistance  aux  brouillages  ; 
avec  une  faible  puissance  a  1 1 emi ssion ,  1'energie  est  dispersee  sur  une  large  bande  instantanee,  la 
liaison  est  rendue  discrete  et  possede  une  tres  faible  probabilite  d' interception  du  signal  par  l'ennemi. 

Une  realisation  de  maquettes  d'emetteur  et  de  recepteur  a  permis,  d'une  part,  d'essayer  une 
liaison  asynchrone  en  phonie  avec  une  numerisation  de  la  parole  par  codage  delta  et,  d'autre  part, 
d'effectuer  des  mesures. 

L 'etalement  du  spectre  sur  une  bande  de  80  MHz  est  effectue  a  1 'emission  au  moyen  de  sequences 
pseudo-a 1 ea toi res  codees  en  B.O.K.  (Binary  Orthogonal  Keying)  utilisant  la  modulation  P.S.K.  ou  M.S.K. 

La  demodulation  a  la  reception  est  faite  en  mode  asynchrone  par  un  double  convoluteur  piezoel ectrique 
a  ondes  acoustiques  de  surface  fonctionnant  a  une  frequence  d'entr^e  de  1 'ordre  de  400  MHz.  Chacun  des 
convoluteurs  est  alimente,  d'une  part  par  le  signal  recu,  d'autre  part,  par  une  replique  Ju  signal 
attendu,  a  la  meme  frequence,  et  avec  le  meme  code  inverse  dans  le  temps. 

En  plus  des  avantages  de  1 'etalement  de  spectre  dans  un  envi ronnement  de  guerre  el ectronique , 
ce  type  de  liaison  apporte  une  bonne  protection  contre  les  multitrajets  lorsque  le  retard  du  signal 
reflecni  par  rapport  au  signal  direct  est  superieur  a  la  duree  d'un  chip  de  la  sequence  d'etalement, 
(environ  10  ns)  done  pour  des  differences  de  trajets  extremement  courtes. 

1.  INTRODUCTION 

Les  deux  proprietes  principales  d'une  transmission  protegee  util i see  pour  les  applications  mi  1 i - 
taires,  face  aux  actions  de  guerre  electronique  sont  la  resistance  a  la  detection  et  a  1 ' interception 
et  la  resistance  aux  interferences  et  aux  brouillages. 

Ces  deux  aspects  diffdrents  qui  d'ailleurs  dans  certains  cas  se  recoupent,  peuvent  conduire  a 
des  choi*  techniques  tres  ^emblables  a  quelques  details  pres. 

Jans  le  premier  cas,  il  s'agit  d'etablir  une  liaison  qui  puisse  passer  inapercue  a  un  ennemi 
qui  effectue  une  radiosurvei 1 1 ance  et  cherche  a  detecter  la  presence  d'emissions  radioelectriques  afin 
de  pouvoir  ensuite  les  local iser,  les  ecouter  et  peut  etre  meme  les  brouiller  ou  modifier  le  contenu 
des  informations  qu'elles  transmettent. 

Pour  le  deuxieme  aspect,  lorsqu'on  desire  que  la  liaison  soit  assuree  a  coup  sur,  la  transmis¬ 
sion  doit  etre  capable  de  resister  a  un  brouillage  meme  intense,  soit  parce  que  l'on  sait  que  1 'emis¬ 
sion  risque  d'etre  detectee  puis  ensuite  brouillee,  soit  parce  que  l'on  doit  deja  faire  face  a  un  en- 
vironnement  brouille  d'une  maniere  systematique. 

Les  deux  proprietes  enoncees  au  debut  sont  tres  difficiles  a  obtenir  simul tanement  et  le  choix 
not.amment  de  la  puissance  et  de  la  duree  des  emissions  conduit  obi  igatoi rement  a  un  compromis  entre 
.me  liaison  discrete  ou  une  liaison  resistante  au  brouillage.  Par  contre,  1 ' uti 1 i sation  des  techniques 
d'etalement  du  spectre  constitue  une  solution  tres  efficace  permettant  d'apporter  une  amelioration  dans 
les  deux  cas  a  la  fois. 

on  n'envisagera  dans  la  suite  que  1 'etalement  de  spectre  par  sequences  directes,  sur  une  bande 
mst.iritanee  de  I 'ordre  d'une  centaine  de  megahertz. 

pes  premiers  essais  d'une  telle  liaison  effectues  en  laboratoire  dans  le  cadre  des  etudes  N.I.S. 

N.if.j  Identification  System)  ont  permis  de  verifier  certaines  propr ietes ,ma i s  une  etude  plus  approfon- 
dte.avec  realisation  de  maquettes  devrait  etre  menee  procha inement .  Elle  permettra  d'effectuer  des 
’»■  cures  et  essais  en  vraie  grandeur  et  de  mieux  en  apprecier  les  limites  afin  de  bien  determiner  les 
i upl ications  do ten t iel 1 es . 

Ces  applications  peuvent  concerner  d'abord  des  liaisons  bilaterales  permettant  de  transmettre 
des  donnees  ou  de  la  phonie  a  courte  distance,  soit  en  node  air-air  entre  aeronefs  en  formation,  soit  en 
mode  air-sol  ou  air-mer  pour  fournir  les  informations  necessaires  lers  d'approches,  par  exemple  pour 
aes  a t terr i ssages  tactiques  sur  aerodromes  improvises  ou  pour  des  appontages  sur  porte-aeronef s .  L' in¬ 
tern  t  de  ce  type  de  liaison  ayant  une  puissance  tres  bajse  &  1 'emission  et  une  tres  faible  densite  spec - 
train  de  puissance  est  d'etre  pratiquement  inde tec  table  et  par  consequent  utilisable  dans  tous  les  cas 
ou  jusqu'a  present  il  est  indispensable  de  maintenir  le  silence  radio  des  equipements  conventionnel s 
(  V  .  H  .  F  .  ou  1J .  H .  F  .  ) . 


;ne  if  me  application  possible  concerns  les  transmissions  de  donnees  numeriques  sur  une  dis- 

'  i'  e  Je  plusieurs  di  Baines  de  x  i  1  ometres ,  dans  un  milieu  pouvant  etre  fortement  brouil le,  entre  un 
iv  i  >u  et  an  :v.  ssile  qui  v  lent  a 'etre  1  argue.  La  liaison  est  alors  util  isee  pour  fournir  au  missile  des 
i  >r  ■  1 1  jus  de  position  relatives  a  la  cible,  lui  pennettant  de  recaler  son  systeme  de  guidage  et  de 

pour  ...j  i  vre  cette  Jerniert  wine  si  c-lle  effectue  des  manoeuvres  d'evasion.  L'avion  a  la  possibilite  avec 
-ctte  transmission  J'il--esser  des  donnees  simul  tanement  a  plusieurs  missiles. 

> 1,1  U-riri  Jans  la  i  te  les  cjrai  teristiques  de  la  liaison,  les  possibilites  de  realisation 
Jus  ego  ipeim.-nts  ••■■■, t-r te,,rs  et  receuteurs  et  les  a  vantages  de  1  'util  i  sa  t  i  on  de  1  'eta  lenient  de  spectre 
i  large  bande  "  mtauee,  en  particulier  pour  ce  qui  concerne  la  resistance  au*  mul  t  i  tra  jets . 

J.  Lit.  acH  1 P 1  [  g\  Jl  i  a  y p an gM i as i on 

L  '  cm  i  s ,  i  hi  os'  ••*  ♦c.t.n.v  or:  impulsions  avec  un  eta  lenient  du  spectre  de  chaque  impulsion  par 
sequent"  '•  direr,  tes  cl  c  .  adage  bin, lire  util  isant  des  codes  orthogonaux  (B.O.n.)  . 

La  recepti  >n  est  Mite  en  util  isant  un  filtre  adapte  au  signal  a  recevoir  constitue  par  un 
laiiule  convoluteur  yiezoelectrique  a  ondes  acoustiques  de  surface. 

Chaque  impulsion  emise  correspond  a  un  >ymbo1e  et  les  sequences  d'etalement  de  la  duree  d'un 
synii.  It  son  t  ubtuiiues  i*  tuel  lenient,  soit  directement  au  moyen  de  sequences  de  longueurs  maxima  les  ou 

de  -  odea  de  Cold,  suit  par  app’ication  des  fonctions  de  Walsh  a  ces  derniers.  Ces  types  de  codes 

line-iires  out  etc  cnoisis  pour  leur  simplicity  et  la  facilite  de  leur  generation,  tout  autre  code 
,».•  met  font  il'.imel  ior«r  les  performances  pourra  evidemment  etre  utilise  dans  1'avenir. 

Le  ..hoi*  le  l.i  Prtnde  d'etalement  doit  etre  determine  en  fonction  des  possibilites  technologi- 
.  .ce  :>>  r'eil  i,  ill  hi  d./s  convoluteurs  et  les  chiffres  relatifs  a  la  premiere  maquette,  indiques  ci-apres 
r  ! 1  e  ■■  e  i’  i  1 .  ■ ,  or'  esp  jn  Jen  t  a  des  composants  couramment  realises  actuel  lenient  : 

-  iiaride  d'etalement  :  80  MHz 

-  Liu  roe  de  symbols  :  6,4  microsecondes 

-  'Juree  de  chip  :  IP, 5  nanosecondes 

-  Nombre  de  chips  par  symbole  :  512 

11  en  resulte  un  gain  de  traitement  theorique  de  27  dB. 

-  i  mu'lul  ition  H.r.  utilisee  actuellement  pour  des  raisons  de  simplicity  est  le  P.S.K.-P.N. 

’•'ii,  cite  pourra  avantaqeusement  etre  remplacee  dans  1'avenir  par  le  M.S.K.-P.N.  qui,  a  fetal ement 

>  :  r 1 ,  permet  me  meilleure  utilisation  du  spectre  en  concentrant  mieux  1  'fenergie  dans  le  lobe  princi- 

1 1  et  en  diniinuunt  les  niveau*  des  lobes  secondaires,  ce  qui  facilite  l'felimination  des  raies  parasites 
''u  ,  pmde.  Li  possibilite  d'utiliser  sans  probleme  pour  les  fetages  de  puissance  de  1  'femetteur  un  am- 
;  I  i  •  i>.  i  tour  transistorise  fonctionnant  en  ctasse  C  constitue  un  avantage  suppl  ementa  i  re  de  la  modulation 


Pour  ,a  realisation  de  la  liaison,  la  frequence  porteuse  a  ete  choisie  en  U.H.F.  dans  la  bande 
l.  aut'jur  de  I  GHz)  utilisee  par  le  D.M.E./TACAN,  par  le  J.T.I.D.S.  et  par  1'I.F.F.  ainsi  que  par  le 
Nlu  r-n  bande  L. 

Les  informations  a  trmsmettre  sont  formattees  en  messages  et  chaque  message  comprend  un  pream- 
ule  et  un  texte.  Le  preambule.  forme  d'une  suite  de  plusieurs  symboles  avec  codage  temporel ,  permet 
;u>ir'  cnaque  message  recu.  d'obtenir  une  synchronisation  utilisee  ensuite  pour  le  dfecodage  du  texte  du 
l>i  me, sage.  Le  texte  du  message  est  suff isamment  court  pour  que  la  synchronisation  acquise  aprfes  recep- 
f ion  In  preambule  garde  une  precision  permet  tint  un  dfecodage  correct  jusqu'a  la  fin  de  message.  La  1 i a  1  - 
.on  est  dite  a  synch  rone  parce  qu '  i  1  ''est.  pas  necessaire  d'entretenir  une  synchronisation  permanente  du 
epteur.  >1  le-c  i  est  acquise,  pour  chaque  message,  par  traitement  du  preambule  dans  un  correlateur 
i"  preambule. 

L  .onv  jl  .teur  a  on.-jes  de  n  face  utilise  a  la  reception  fonctionne  en  mode  purement  asynchrone 
lint  I  i  reception  iu  :n  e.vihu  1  e  et  ensuite  en  mode  synchronise  pendant  le  decodage  du  texte. 

•t  ■;  mb!  •  i  t m:  ,  n 

)'■■■  i  .  .  ■  ■'  *  ■  i • .  i  *  .  )  ,  s.,r»  le  intenne  les  impulsions  de  porteuse  a  1  GHz  modulee 

"  V  01  1  I  l-.  fit  .J'  I  1  t  l  'JUre  1  , 

■  .  ••  i  •  i  i"  .*  ort’ies  dans  le  genera  teur  de  codes,  selon  leur  va  leur.  en 

,,>■■■  .  ,  .  .  ■  1.  p-iiei  iteur  de  code  comma  nde  en  amplitude  et  en  phase 

>•>  ,i'  .•  .  . .  .  >■  ,•  idol  I’eur  ii  nine, in,  alimente  par  une  source  H.F.a  une  frequence 

■  i  ; ,  :  •■■•  i  :  .•  >  ■  ■■•*■■•  em  e  le  frequence.  Apres  filtraqe  au  moyen  d'un  filtre 

'•ii>>>  on  i  >>,  ’  >•  .  •■•;.'  ■•  .  ■  i  .  1  ■  ■■  ...'if  '.•■  msp'jsees  a  la  frequence  de  sortie  dans  un  inelanqeur, 

i  !  1 1  i.'.'S  •  >.  •  . .  •  •••■•  ■:  "  i  j  les  fa  i  tiles  niveau*  utilises  pour  les  essais,  les 

>  .Li'i  i *  ••  i ,  ’  >  I.,  1>  ''>■■  a  i  re  .  bn  codeur  uel  ta  auto-adapta  1 1 1  f  one  t  lonnant 

*  i  i>,  '►  .  i>  ,,••  i  ,  .  e  •  les  bits  •!'  informations,  a  ete  utilise  pour  la 

•  ■  >  i  .  i  r  i  on  1"  1  a  I  •  ■  ■  •  •  ■  •  •  •• 


NiLMbLL  Dt  kicLPTION 


L '  eflsemo  1  e  de  reception  deer  it  sur  1  a  figure  2  se  compose  de  quatre  parties  print ipa les  :  li 
•).!■.  de  reception,  les  modules  de  convolution,  les  genera teurs  de  codes  et  les  circuits  de 
d-  f i ■  ti.m  des  pics  de  convolution. 

1.1  Purr  it-  rl.r.  de  reception 

:  Me  ...imp rend  les  circuits  de  filtrage,  de  melange  et  d'osci  1  lateur  local,  permettant  d'effec- 
t  je  r  !i  ’  r.inspos  i  t  i-.n  de  frequences  da  signal  recu  (autour  de  I  GHz)  a  la  frequence  nominate  d 'entree 
!  j  -  n  vo !  .i  ten  r  ,  4  .  MHz). 

...  Modules  de  convolution 

ies  modules  de  convolution  comprennent  deux  circuits  rigoureusement  identiques  fuurnissant, 

,  n, r  I e  :  rentier,  les  pics  de  convolution  do  code  1  et  pour  le  second,  les  pics  de  convolution  do  code 
zero.  I’l.tque  module  de  convolution  comp  rend  deux  entrees  alimentees  par  le  signal  recu,  d'une  part,  et 
:  ir  Je  sijnul  de  reference,  d' autre  part.  Chacun  de  ces  signaux  est  ainplifie  et  filtre  dans  un  ampli- 
■  u.iM'ur  1  iiteu  i  re  et  un  filtre  passe-bande  de  frequence  centrale  400  MHz  et  de  bande  passante  super  i - 
>-.rv  i  ’  MHz.  Los  deux  convoluteurs  ega lenient  identiques  sont  constitute  chacun  d'un  sub st rat  piezo- 
i ■  1  i.'i .  ’  r  i.juo  snr  lequel  out  ete  deposes  deux  transducteurs  el ec tromecan i ques  permettant  d'enyendrer  des 
ir  sui  t  r.r  et  one  electrode  se  presen tant  sous  forme  d'une  plaque  de  longueur  L  (voir  figure  3'. 

If  ,  deuc  on des  acoustiques  generees ,  de  meme  frequence  porteuse  F  mais  de  modulation  S.  (t) 

•  •  i  se  prop i  sent  en  surface  du  substrat  en  sens  contraire,  a  une  vitesse  V.  Les  durees  de  propa - 

•m*  so.,',  l  a  pl  ajue  et  entre  le  transduo teur  et  la  plaque  sont  respcctivement  :  T  -L / V  et  T.  -L  /V 

.•‘nit  la  li  stance  du  transducteur  a  la  plaque).  Par  effet  non  lineaire  dans  le  substrat  et  integra- 
'.  i  1  par  1  i  plaque,  on  recueille  en  sortie  un  signal  a  une  frequence  2F  qui  est  le  produit  de  convolu- 
"  i  ■:  .•  -1  .  -T  : ,  ju  3  "i  est  donne  par  la  relation  : 


Sl(t-nS2(t't).dt 


i i ton i r  1 'autocorrelation  d’un  code  de  duree  maximum  T  (inode  synchrone),  on 
le  signal  nodule  par  ce  code  et  sur  1 'autre  entree  un  signal  moduli  par  le 
e  temos.  il  faut  ulors  que  les  deux  signaux  soient  envoyes  en  synch roni sine 
complete  se  trouvent  sous  la  plaque  au  meme  instant.  II  est  a  remarquer  que 
<le  ix  unties  appl  iquees  produit  sur  le  signal  de  sortie  une  compression  du 
une i,  le  pic  ri ' autocorrelation  d'un  code  avec  modulation  P.S.K.  aura  pour 
1,  in  duree  d'un  chip,  tn  real ite, les  mesures  effectuees  ont  montre  qu'a  la 
,  :nc  .  ibtenus  sont  elargis  a  la  base  et  legerement  di ssymetriques  (voir 
lent ie  1 'ement  ii, <  reflexions  parasites  du  signal  et  de  la  reference,  dans 


ip  o' trite  du  convol  uteur  est  son  rendement  F  encore  appele  facteur  de 


•: •  •  ,  •  ;  de  Jeu <  signaux  de  duree  T  et  oil  PI  et  P2  sont  les  puissances 

.  i  ;•  :  •■'■•re. i  criarge  adoptee  de  bOrt  . 

•  ji-s  surface  sur  les  transducteurs  extremes,  entra  ine  la  detection 

ii  i  .  i  •  .  .!  ,  !>.,■  uiJes  incidentes  apres  reflexion  peuvent  se  convoluer  avec  ell  es- 

•  '  '•  linsi  les  parasites  dits  d’ autoconvolution  (C  auto)  et  de  convolution 

'•  M-  *  .  ces  rapports  C  auto.'C  max  et  C  double  trajet/C  max  caracterisent 


,M.  j,,  ■  z.'j'eur  en  mode  a  synch  rone,  1' instant  d'arrivee  du  code  d' entree 

Of.  re  thoisie  ega  I  e  a  T/2.  La  reconnaissance  du  code  est  obtenue 
...  I-  i*  ii*.  ie  ref,. rence"  S]*l  t) ,  qui  est  en  fait  le  code  d' entree  inverse  dans 
I’.  ...  '  >  ..  ;iu  .j  ie  ;  T/2)  est  ega  1  e  a  la  moitie  de  la  duree  de  traitement  de 

ter  ,,  .  i . ; 1 1  coijf.  -jrrivant  a  un  temps  quelconque  Ta  ,  il  suffit  que  le  signal 

ii  ;  ir  la  repetition  avec  one  peri  ode  T  du  code  attendu .  On  aura  alors  tou  jours 

.  -m  ;r.  i-i.  .r  entree  et  de  reference  puisque  les  deux  codes  entiers  seront  simul  tanement 

i’'.’  !  "riff  ■!■  ■  i a  ;i  1  r  ;uf . 

«m-r  if  M  *  i  ;-ir«.  .  rel.it if  au  node  as/nchrone  montre  la  propagation  des  signaux  inci- 
e-'i  i-  i : a .  r-ippurf  ,  la  plaque  ainsi  que  les  temps  correspondaiits .  On  voit  que  seuls  les 
.  f.-if  ’  les  train  no-,  de  temps  de  (?N‘1)T,7  a  (2 N*2)T/7  correspondent  a  des  produits 
!•  •  ii-,, ,  ,-t  oi, e  signaux  qui  appara issent  pendant  les  autres  tranches  de 

.  .  M  i.,.-  ,,  ij'ifie  porte  logique  generee  en  memo  temps  que  les  codes  de  reference. 

■  1 1  i  jra'in'ie  ies  temps  pour  li  detection  asynchrone  de  signaux  de  duree 

,  v  t  if-,.  .  :■  !  ii  f,.-"ips  d'arrivee  TA  pit  rapport  au  rode  de  reference;  on  y  voit 

•;"V  ;-i  :  i  ,  i  f  ft.,,  rejetees.  Les  signaux  triangula  i  res  indigues  correspondent  aux 

:  j.,  ,  .i-.-iii"  t  pa  ,  j. s  impulsions  ret  tangu  1  a  l  res  de  porteuse  pure). 
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I'iio  1 1 .  i  r  > . » r  first  reviews  the  advantages  and  disadvantages  of  digital  modes  of 
i  i :: on i ss i on.  A  brief  survey  of  the  main  propagation  characteristics  of  the  different 
of  rad  i  o  systems  is  presented,  with  attention  being  drawn  to  the  factors  which 
nr  i. t  he  choice  and  performance  of  digital  transmission  techniques.  The  most  widely 
••  I  li  i  i  t  a  1  f  ra  n  sin  i  ss  i  on  techniques  are  then  discussed  and  their  applicability  to 
irious  radio  fr-quenev  bands  considered.  Finally,  channel  evaluation  techniques  yielding 
■.dels  ot  the  propagation  and  interference  environments  are  described  and  the  manner  in 
him  fde’,  -an  be  .•mfiloyed  to  enhance  the  reliability  of  digital  communication  systems 
;  ir.i;  -  i-  "d. 


RA  f  1  .  NA  l.K  Ki  >K  DIGITAL  COMMUNICATION 

■ v  e  r  *  he  pair  f wo  decades,  there  has  been  a  consistent  progression  towards  the 

•  ml  .  •  *  lor.  of  digital  technology  into  most  forms  of  communication  system.  The  main 
e i : - *r  ; r  s  of  digitisation  can  be  summarised  as  follows: 

i  : he  s  i  gnu  1  can  be  regenerated  exactly  before  uncorrectable  errors  occur.  This  is 
;  r.  .-ord’  ist  <a  analoque  transmission  where  signal  repeaters  are  employed  to  boost 
* signal  level;  in  this  latter  case,  any  noise  present  with  the  signal  will  also 
r"|»Mt.\l  and  there  will  be  no  improvement  in  signal- to- noise  ratio  (SNR). 

IT”  (.ignal  -an  be  encrypted  by  digital  means,  potentially  rendering  the  data  fully 
emir.'.  With  analogue  signals,  only  limited  security  in  the  form  of  analogue 
•:  i mb  1  ing"  can  be  introduced. 

■j  T a ■  ■  alvui'.-es  which  have  taken  place  in  the  field  of  digital  signal  generation  and 
:  i  t  i  nq  t  echn  iquos  and  devices  can  be  applied  to  the  problems  of  detecting 

•:  it.  ,n  i  n  i  t  i  on  signals  more  reliably  in  a  background  or  noise,  interference  and 

I :  i  >  r  t  :  1 1  n  . 

I  w  i  >  h  signals  in  digital  form,  it  is  relatively  simple  to  apply  multiple  access 
•cling  algorithms  which  allow  the  simultaneous  use  of  a  given  communication  channel 
by  i  number  of  different  services. 

c.n”  pot.-n'ial  disadvantage  of  the  introduction  of  digitisation  is  that  the  bandwidth 

•  -g 1 1  :  "men  ►  s  for  a  given  service  can  increase  substantially  in  comparison  with  analogue 
r  in  sin  i s s i on;  this  may  be  seen  with  the  aid  of  a  simple  example  of  a  speech  transmission 
/  -;•  em.  Considering  the  arrangement  shown  in  Fig.  1(a):  this  is  typical  of  the  basic 
(•.’■-processing  of  an  analogue  signal  which  takes  place  prior  to  transmission  over  a 
••I  ••phono  ‘tire, lit.  The  spectrum  of  the  baseband  speech  signal  is  limited  to  about  3kHz 

•  bandwidth  by  means  of  a  band-pass  filter.  Fig.  1(b)  shows  a  corresponding  digitised 
;  ••••eh  transmission  arrangement:  here  the  speech  is  again  subjected  to  a  similar  band- 
i  ti  i  ►  1 1  i  ft  n  prior  f  o  a  n  a  1  ogue  -  t  o-  d  i  g  i  t.  a  1  (A/D)  conversion  and  sampling.  Ap  p  1  y  i  n  g  t  h  e 
ygii  c  sampling  criterion  gives  a  sampling  rate,  fs,  of 

f,.  --  2  x  3.4  -■=  6.8  kHz  [11 

■  ill  .w  in.-”  is  mad”  for  non-ideal  filtering  and  sampling,  a  sampling  rate  of 

fs  --  8  kHz  [2  1 

uppr  giri  ate.  |  order  'o  achieve  a  reasonable  speech  fidelity,  the  number  of 

*  -  --a  Tf  1  ■  r,  i  s  t|oi  j  i  g  o<-  about  8  giving  an  overall  data  rate  of,  R,  of 


R  ■-  n  x  I 

8  x  8  0 00  =  84  kb i  t  s  ■’ s  [31 

•  •  .  :  ■  i  ■  i  v  i  I  ;  •  ■  I  r  a  i  i  1  ;  e  modulated  (PCM)  system.  Thus,  data  will  he 

■  i  ■  ■.*••:  '.■■■:  ‘  ■  ■  •  i r  r. ”  I  i  r.  ‘  h ■  •  f  o r m.  i  d  pu  1  s  ••  s  of  w  i  d  t.  h 

V  i  >  4'S‘  •  P.  s  |4  1 

:  i  :  ;.  i  n  I  hi,  *  ””  wiveform  and  s  p*  ■”  t  ru  m  of  one  such  pulse  are  illustrated.  The 
;  r  :  *  "  •.  i  I  ;  "  •  *  *  h  ■  ■  -.  p”  -  ■  r  u  t  w  :  1  i  o”  •  -  a  r  a  t  a  f  r  eg  ue  n  ,-y  o  I  1  T  nr  M  kHz.  Sini-n  most  o  I 

•  •  ■  ; ;  •  •  ■  *  r  a  1  •'■.•■  r  jv  is  - . .  rr*  a  i  :.  ••  I  in  the  r«i|irin  oil*  *  n  i  h*'  first  spectral  null,  it  is 

”v~”-vibl”  f”  ‘  li.'  the  p'lsi'-.i.n  of  th”  null  as  b”ing  indicat  ive  of  the  I  ■  .insmiss  ion 
tiiijwi  1 1  li  required.  rti”r”for”,  in  contrast  to  t  fie  1  kHz  bandwidth  of  an  analogue  system. 
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In 

I  I  .impel  I 

Session  ( 'li. mm. in 


I  Ik  papi  i  s  i '!  So  Mi  >ii  \  pi .  k  l  k  .ills  scp.n  ,iii-  min  l  w  i '  >j  1 1  >ups  In  ilk'  In  ^l  ill  imp  i  m  1 1  iuh  speed  I II  data  l  raiixmisxn  m.  in  Is  >(  li 
p.  i  pi  i  -  I’i  1 1 1  (iouicl.ndci.il  discuss  puma  pal  pi  oblcms  usinc  m  .ii  \  mimi.iI  alphabets  mi  one  h.iiul  and  ilk-  com  piemen  i;m  x 
pi  i  n.  i  i lii 1 1.  -  i  I  iii  it  link  lu  i  ■  hIiiil'  ■  'ii  iln. ■  1 1|  lie i  Ii.iihI  .1  I’  \  .in  l  Helen  el  nl  .mil  also  I  l  .l  Bud  me  iliseuss  ihe  associated 

I I  impilk  III  •  'I  lenleil  pi  i  'Hi  Ills 


\  iii  i  nil!  e  1 1  *ti  p  o!  p.  i  pels  i  leak  x\  nh  I  lie  ill  Helen  I  aspects  ot  appl\  me  spread  speeli  uni  modulation  to  handle  the 
n  ui  1 1 1  pa  i  h  pi  o  I 'lei  1 1  K  1 1  \mickc  and  M  <  >ltka  show  in  a  pi  me a  pal  discussion  the  meal  potential  ol  this  lamiK  of  modulation 
1 1  let  hods  lo  si  i  pp  i  ess  mull  i  pa  ill.  u  lie  leas  t  Si  hut/  and  <  i  I  lolgcn  locus  on  the  olten  ncelcclcd  mellioil  ol  chirp  modulation. 

>.  meli  ma\  he  used  x\  nil  success  e\ cn  m  the  I  III  baikl.  hoxxcxcr  expel  uncut  a  I  i  exults  are  still  out  staiuli  nit.  I  '  I  angcwcllpolt 
■  licus  dial  well  knou  n  I  I  1 1  >S  pu  I  sepal  I  el  n  can  also  siicccsslulh  he  used  lot  mobile  digital  telephone  nets,  x\  here  il  is  ol 
p’.k  Heal  uiteicsl  dial  in  die  detection  pioccss  the  total  eneigx  is  used  In  means  ol  a  KAkl  -txpe  rcccixcr. 

I  n  this  tuioi  i.il  paper  howevei  Ml  )a  me  1 1  add  i  esses  the  \x  hole  sped  rum  ol  problems  associated  with  ti  anxmixxion  ol 
Inch  speed  data  and  slums  on  i  pi  esc  nt  know  ledge.  m  purlieu  la  t  that  main  dillerent  leehnit|ues  are  ol  great  relex  ance.  source 
i  od  me  modulation,  adapt  n  c  modulation  lecluik|ues  and  ertor  detection  con  eel  ion  methods.  Also  addressed  is  the 
mi  |  >oi  lam  at  ca  ol  i  call  ink  channel  ex  al  nation  show  me  that  a  multitude  ol  dillerent  methods  exist,  w  liich  suggest  that  lor 
It  it  ui  c xx  stems,  thou  flits  ol  the  ill  I  let  cut  expel  i  mental  sx  sterns  liaxc  to  be  ill  e  I  tied  lo  pi  ox  iile  icliable.  aulomated  sei  \  ice.  i.e. 

•  ’bln  pie  sou  udi  nc.  spec  1 1  uni  mom  toi  mg.  adapt  i\e  modulation.  A  l«.)  procedures  and  appropi  late  digital  encodine 

I  Ik  pi  esc  u  ted  pa  pel  x  suggest  that  it  is  now  pi  ad  leal  to  transmit  I  an  lx  high  data  rales  ex  cn  in  a  sex  ere  multipath 
i  nx  1 1  on  ilk  nt  how  cx  ci  a  ceiic  i  all  x  .kcct'lcd  stand.u  d  lor  each  class  ol  transmission  task  is  still  l.u  axx  ax . 


DIS<  l  SSION  (>|  SI  SSION  l\ 


l)r  Mhrcchl 

I  \\ < >nUI  1 1 k<  I > >  .t'-k  Mi  I  dians  w  hat  minimum  I  ici|ucncv  nl  npci  at  inn  lie  cnitsidcicd  Ini  the  antenna  ai  lavs  dcsci  ibed  in 
Ilk'  pape  I 


Mr  I  rlraus 

I  Ik  .nl.inl.il  ii  ill  |>iiii\m  is  nl  min  sc  li  cquentk  indcpcildcill  I  Ik'  lllllil.il  I  mi  Is  ill  ilk'  clccUnmayilclics.  .is  nielli  link'll 
i  .11  Ik’ i  l'\  Mi  I  n v  ci  a  \|ipii'\nii.ili.' Iv  cielil  vcais  apn  nr  li led  In  211  as  I  n  down  as  possible  In  Inul  a  liniilaluui.  anil  a 
Cl  I  mi  ill  an  III  nil  apt  n  e  ai  i  av  w Inch  worked  quite  siicccsslullv  on  ilk-  bench,  hut  w  hen  iiiniiiili.il  in  an  emit 

■  >b\  musk  it  \ini  kill  less  successful  I  v .  Act  i\c  antennas  were  used.  c\ael  nieelianieal  inalehes  I  nr the  l  I  II  blades  »e  use 
in  >\i  I  Ik  i  ni  n  pain  also  made  mechanical  duplicates  at  trei|ucncics  nl  I  (I  kl  1/  anil  I  (III  k  1 1/  U  hen  llicse  mcic  tin  muter  I 
in  plan  nl  ilk  l  III  antennas  we  .main  stnt  smile  decent  nullnip  perhaps  mil  verv  pood  hut  ileeenl  So  l  lie  answei 
.lepi  mis  mi  w  hat  si/c  ami  ci  unplcvilv  nl  si  i  ueluie.  and  w  hat  decree  nl  mil  I  me.  aie  accept  able. 


I  )r  . li' nk ins 

\i  i  he  (  mu  mu  mi  al  n 'ns  Kcscaich  ( 'em  re  in  <  tliawa  we  have  Iven  workinp  w  iih  III  adaptive  an avs.  and  t  ecenlh  w  e 
I  mi,  1 1  a  small  si|u.ne  I  mn  clcinenl  ai  ia\ .  2  ill  nn  a  siile.  usinp  active  elemeiils  with  a  nielallic  structure  between  I  hem  sn  as 
i, ,  >ie  ni  less  nii  nl  1 1  v  the  pallet  ns  nl  ihc  individual  elcnienis.  Nnrniallv  hi  an  anav  it  is  die  dillcreiii  phases  al  diltcrcnt 
elemeiils  w  hieh  enable  vnu  In  disci  ini  male  between  sipnaK  couutip  in  di  Herein  ill  reel  inns.  When  the  pattci  ns  aie 
m  ml  1 1  led  i  he  amplitude  lelatinnships  beenme  inipm  lain,  and  vnu  can  m  lacl  pel  reasonable  nullinp  \\  lilt  I  he  2  in  si|uaie 
1 1 1 . i v  at  s  M I  1/  w c  hud  nulls  nl  the  order  nl  2 1  i  ill  V 


-  Distance  de  la  liaison  :  ER=D 

-  Retard  du  multitrajet  par  rapport  au  trajet  direct  :t 

-  Difference  de  trajet  entre  Signal  direct  et  signal 
reflechi  :  Ct0  (C  =  vitesse  de  propagation) 

-  Longueur  du  grand  axe  :  AA1  =  D  +  Ct, 

-  Longueur  du  petit  axe  :  BB '  =  Vc.t ...  (2D  +  Ct,) 

-  Excentricite  =  D/(D  +  Ct,) 

-  AE  =  RA '  =  C-^ 

2 

_  £F  C_l,  2D  ♦  Ct, 

2  D  *  Ct., 


FIGURE  14 


MULT  I TRAJET  PAR  REFLEXION  (GEOMETRI E ) 


v  ;i  it  i  on  intree  ilu  Cunvul  u  teu  r 
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Amp 1 i t  u  do (dl.il 


Pics  de  Convolution  Entree  du  Convoluteur 

FIGURE  li  MULTI  TRADE TS  AVI.C  RETARDS  H  '  t  (210  ns  et  b  1 11 


Fenetres  utiles 

FIGURE  0  -  0ETECT10N  ASYNCHRONE  D'UN  SIGNAL  DE  DUREE  7/2 
DIAGRAMME  DES  TEMPS. 
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Pour  diminuer  res  effets,  ll  soffit  do  reduire  le  plus  possible  la  duree  de  chip,  done  d'aug- 
i.-enter  It  bande  d'otalement.  Une  autre  solution  envisageable  pour  les  transmissions  a  cadence  lente 
ennsiste  a  prevoir  une  redundance  des  messages  emis. 

II  taut  tout  de  meme  remarguer  que  ces  perturbations  ne  peuvent  se  produire  que  dans  des  cas 
i.suz  rues  de  mu  1 1  i  trajets ,  par  refraction  ou  par  reflexion. 

Pour  les  mul  t.i  trajets  par  refraction  atmospherique,  avec  une  liaison  air-sol,  la  probabilite 
en  e  >f  e> trOmement  taible  car  \1  taut  a  la  tois  que  la  couctie  ref ractantv  soit  situee  au  maximum  a 
lielques  cent, lines  de  pieds  du  sol  e't  que  l'aeronef  vole  lui-meme  sous  la  couche ,  done  a  tres  basse 
1 1 1  1 1  i.i  dr  ,  en  liaison  lir-air,  it  taut  que  les  deux  aeronefs  volent  approx  ima  ti  vement  a  la  meme  alti¬ 
tude  et  tops  deux  sous  Pi  t  oiu  fie. 

Pour  les  mul  t  i  trajets  par  reflexion,  la  zone  ou  pe.it  se  truuver  le  reflecteur  perturbant  est 
•  tripnenent  reduite  et  se  situe  a  pro*  unite  immediate  des  antennes  d' emission  ou  de  reception,  il 
.frit  done  de  chut  I  r  avec  ..’in  leur  point  d*  implantation.  Les  reflexions  gonantes  sur  le  sol  ne  pour- 
r.a>t  Se  jir.ii’u  i  re  que  si  au  no  ins  I'un  des  cerrespondarits  vole  a  tres  basse  altitude. 

•  I  o' sque  le  retard  du  mul 1 1 tra jet  est  superieur  a  la  duree  d'un  chip,  on  a  vu  precedemment  que 
'  "i  ipi  ie"t  en  sortie  du  convoluted  ,  ,;n  plus  Ju  pic  de  convolution  desire  provenant  du  signal  direct, 
des  ,  i  s  ,upp lenient, 1 1  res  orresponddn t  aux  signaux  de  mu  1 1 i  trajets ,  et  que  d' autre  part  certains  pics 
■le  >  i  res  peuvent  etre  perturbes  par  des  signaux  de  mu  1 1 1  tra  jets  provenant  de  syinboles  precedents.  Ce 
le  perturbation  est  ippele  "  garb  I  inq"  . 

Pour  s’en  attraruhir  Jans  le  preampu I e ,  on  utilise  ut;  correlateur  de  preambule,  encore  appele 
. jrre 1  a teu r  de  tra me  qui  est  adapte  a  la  disposition  temporelle  des  differents  pics  de  convolution.  11 
est  const i toe  schema tiquement  d'une  tigne  a  retard  avec  prises  et  sommateur  suivi  d'un  circuit  a  seuil. 
L'ensemole  permet  d'lqnorer  les  pics  supplementa ires  dus  aux  multi trajets  et  d'acquerir  la  synchronisa¬ 
tion  maltjre  la  perte  d'un  ou  plusieurs  pit;  de  convolution.  Pour  cela  le  preambule  doit  comporter  un 
numb  re  suffisant  de  symboles. 

Le  decodage  du  texle  du  message  fonctiunrie  en  mode  synenronise  el  ne  prend  en  compte  que  les 
pics  de  convolution  desires  situes  a  1’interieur  d'une  fenetre  de  decodage.  Les  pics  retardes  dus  aux 
multi trajets  sont  elimines  car  lls  se  trouvent  en  dehors  de  la  fenetre. 

Les  erreurs  provoquees  par  les  interferences  intersymboles  dues  aux  multi trajets  peuvent  etre 
el iminees  en  prevoyont  des  redundances  de  symboles  et  en  util  isant  des  codes  detecteurs  et  correcteurs 
d  '  erreurs . 

Pour  eviter  la  perte  d'une  suite  de  symboles  successes  par  des  mul  ti  trajets  persistants,  une 
distribution  non  recur rente  des  symboles  du  texte  du  message  peut  etre  envisages. 

o  CONCLUSION 

La  liaison  asynchrone  qui  a  etc  decrile  presente  un  grand  interet  pour  des  applications  parti- 
■.  il  lores  concernant  certaines  transmissions  militaires.  Ln  plus  des  avantages  inherents  a  1  ‘util  isati  on 
Jr  I  'eta lenient  du  spectre,  resistance  aux  brouillages  et  discretion,  cette  transmission  ne  necessite 
;.i:>  de  synch  run  i  sa  t  ion  permanents  entre  emetteur  et  recepteur  et  el  le  presente  une  bonne  immunite  centre 
I  >:■•>  mu  1  ti  tra  jets  . 

!. '  r  I  i  ’ii  i  rid  t  ion  des  signaux  de  trajets  multiples  peut  etre  faite  par  separation  temporelle  entre 
1"  ,ign-il  direct  utile  et  le  signal  perturbateur  retards.  L' interet  de  1  'utilisation  de  1  'eta  lenient  du 
trv  pir  sequences  lirect.es,  reside  dans  la  possibilite  d'effectuer  la  separation  apres  traitement 
Ians  le  i.  unviluteur,  sur  les  pics  de  convolution  gu  i  sont  tres  etruits.  On  peut  de  cette  man  i  ere, 

/  1 1 ' ranch l r  de  mul ti trajets  lyant  des  retards  d'autant  plus  courts  que  la  cadence  de  la  sequence  d'e- 
L 1 1 emerit  est  plus  rauide,  Jont.  la  bands  plus  large 

i-ijr  sopor  liner  les  interference  i  ntersymbol  es  causees  par  les  mul  ti  trajets  ay.'nt  Jes  retards 
I  in  :s  ,  m  pent  equlement  eftectuer  me  separation  temporelle.  Des  amel  l  ora  t  ions  supplementa  i  res 
,-f  -veet  en,  ore  etre  ibtenues  par  un  choix  judicieux  du  format  des  messages  et,  pir  1  'util  isation  de  s.m's 
le  1 1  jue’.e*’  "i  (.  n  in.  lenient  ,  de  codes  d’un  symbol e  a  1  '  autre,  moyonnant  bien  sur  une  complication 


eO'.pri.  1; 

i  ■  j ■  i  ;  i r.  pi  dec  u'ides  rad  iou  lee  tr  lques  dans  1  1  env  i  r-annement  terrestre  par  l  ,iv,)l  TH  A  ,> 
■  il'"  ti  i"  les  tel  ec  ijmniun  ica  t  ions  editions  DUNOD  Hid. 

ui  p  i/ini  ingle-  propagation  measurement  for  the  Mr.-yv  t  A  ;rr  System 
:i  .A.  Lin  si  1  n  l.abori  tory  M.I.T.  Lexington  M.i . 

.  Pi*  f  in  |  "in  I  1 1  pa  f.h  effect  i,ing  Spread  -pec  trum  i/stem 
in  .  1-i  id'  A'.i.APp  Conferences  Proceeding  N  id/  ‘Let  .  ib 

f  i  telexing  over  r'uu  )h  surfaces 
i  ;  .  -  .  •  IS  •  A  ,C-i I.-/  i  u«;.  ord 

i  1 ;  i  v  i  i  1 1 1  ie  e.i  d  i  o  1  oi  1 1  I  s  i  t  i  on 
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5.3.2  Separation  en  frequence 

Pour  lutter  contre  les  multitrajets  ayant  des  retards  importants  et  eviter  dans  ce  cas  les 
interferences  intersymboles,  la  transmission  peut  etre  definie  de  maniere  que  les  symboles  successifs 
se  trouvent  a  des  frequences  porteuses  differentes(sauts  de  frequence).  Ainsi  le  signal  de  trajet  mul¬ 
tiple  provenant  d'un  symbole  donne,  arrivant  en  meme  temps  qu'un  des  symboles  suivants  ayant  suivi  un 
trajet  direct,  est  a  une  frequence  differente  du  signal  attendu  et  peut  par  consequent  etre  elimine. 

Le  convoluteur  de  la  liaison  a  spectre  etale  effectue  cette  separation  a  condition  que  la  difference 
de  frequence  entre  les  symboles  susceptibles  de  se  perturber  soit  superieure  d  1/T  (T  etant  la  duree 
d ' un  symbol e) . 

Dans  une  liaison  asynchrone,  ce  procede  d'el imination  des  multitrajets  par  sauts  de  frequence 
n'est  pas  utilisable  pour  le  preambule  dont  tous  les  symboles  doivent  etre  a  la  meme  frequence,  dans 
le  cas  contraire,  il  serait  necessaire  pour  l'acquisition,  d'utiliser  simul tanement  plusieurs  recep 
teurs  accordes  chacun  sur  1 'une  des  differentes  frequences.  Par  contre,  il  peut  convenir  pour  le  texte 
du  message  qui  peut  etre  decodb  en  mode  synchrone  apres  acquisition  du  preambule.  Cependant  la  loi  de 
sauts  de  frequence  du  texte  doit  dans  ce  cas  etre  identique  pour  chacun  des  messages. 

5.3.3  Separation  en  codes 

De  la  meme  maniere  que  pour  la  separation  en  frequence,  en  dehors  de  toute  consideration  de 
chiffrement,  on  peut  changer  le  code  d'etalement  de  chaque  symbole  pour  diminuer  l'effet  des  interfe¬ 
rences  entre  symboles  provoquees  par  les  multitrajets.  Pour  la  transmission  asynchrone,  ce  procede 
ne  peut  etre  utilise  que  pour  le  texte  du  message  qui  peut  etre  decode  en  mode  synchrone  apres  1 'acqui¬ 
sition  du  preambule  ;  de  plus,  les  textes  de  tous  les  messages  doivent  avoir  la  meme  loi  de  changement 
de  code.  Le  preambule  devant  §tre  decode  en  mode  totalement  asynchrone,  tous  les  symboles  qui  le  com- 
posent  doivent  posseder  le  meme  code  d'etalement. 

3.3.4  Separation  en  temps 

Un  signal  de  trajet  multiple  etant  toujours  retarde  par  rapport  au  signal  direct,  pour  une 
transmission  en  impulsions,  lorsque  son  retard  est  superieur  a  la  duree  de  1 'impulsion,  le  multitrajet 
peut  etre  elimine  au  moyen  d'un  traitement  du  signal  convenable.  Plus  les  impulsions  utilisees  sont 
breves,  meilleure  est  1 ' el imination  des  multitrajets,  particul ierement  lorsque  les  retards  sont  faibles. 

Pour  la  transmission  avec  etalement  de  spectre  consideree,  on  effectue  cette  discrimination  sur 
les  pics  de  convolution  apres  traitement  dans  le  convoluteur.  Les  deux  pics  de  convolution  correspon- 
dant  au  trajet  direct  et  au  multitrajet  sont  bien  separes  lorsque  le  retard  to  est  superieur  a  la 
duree  d'un  chip  de  la  sequence  d'etalement  (t->12,5  ns).  Ce  retard  minimum  correspond  a  une  differen¬ 
ce  de  parcours  entre  trajet  direct  et  trajet  multiple  extremement  reduite  dont  la  valeur  est  C.t.,= 

3.75m. 

La  figure  14  montre  pour  un  multitrajet  par  reflexion  la  geometrie  correspondante.  Si  l'emetteur 
E  et  le  recepteur  R  sont  separes  par  une  distance  D,  le  lieu  des  points  ou  un  reflecteur  R  peut  creer 
un  multitrajet  recu  avec  un  retard  t  est  une  ellipse  dont  les  foyers  sont  E  et  R  et  le  grand  axe 
C.t  *D. 

Tous  les  reflecteurs  possibles  situes  a  1 'exterieur  de  cette  ellipse  creent  des  multitrajets 
que  1 'on  peut  eliminer  puisque  leurs  retards  sont  superieurs  4  to. 

Avec  le  pouvoir  de  discrimination  indique  ci-dessus,  1 ‘ellipse  de  la  figure  14  a  une  excentri- 
cite  voisine  de  1  (forme  tres  aplatie).  Elle  presente  les  dimensions  suivantes  :  distance  AE  =  1.9m, 
distance  EF  -  3.8m,  1  ongueur du y2 pet i t  axe  =  306m  pour  une  liaison  sur  une  distance  ER  de  50  km  et  433m 
pour  une  liaison  sur  une  distance  ER  de  100  km. 

On  voit  dans  ce  cas,  pour  des  liaisons  sol-air  ou  air-air,  que  les  seuls  multitrajets  qui  ne 
seront  pas  elimines  par  separation  en  temps  auront  des  retards  extremement  courts.  1 1 s  pourront  etre 
produits  soit  par  refractions,  soit  par  reflexions  mais  dans  ce  dernier  cas,  seulement  sur  des  sur¬ 
faces  situees  tres  pres  des  antennes  ou  sur  le  porteur  lui-meme.  Les  multitrajets  par  reflexion  sur 
le  sol  non  elimines,  ne  pourront  se  produire  que  pour  des  vols  a  tres  basse  altitude. 

3.4  Consequences  pour  la  definition  des  caracteri stiques  de  la  liaison 

Lors  de  la  definition  complete  de  la  liaison  asynchrone, pour  une  application  donnee,  il  sera 
necessaire  de  prendre  en  compte  les  considerations  indiquees  precedemment  afin  d'ameliorer  la  resis¬ 
tance  aux  perturbations  causees  par  les  multitrajets.  Cependant,  la  decision  d'utiliser  des  sauts  de 
frequence  et  des  changements  de  codes  a  chaque  symbole  est  en  general  motivee  plutot  par  la  necessite 
d'ameliorer  la  resistance  aux  contre-mesures  en  augmentant  la  bande  d'etalement  et  en  effectuant  un 
chiffrement,  que  par  le  besoin  de  diminuer  les  erreurs  dues  aux  multitrajets.  La  separation  en  temps 
est  en  fait  le  moyen  le  plus  simple  a  utiliser  et  son  efficacite  parait  suffisante  compte-tenu  du  pou¬ 
voir  de  discrimination  que  l'on  peut  obtenir  avec  la  bande  d'etalement  utilisee. 

On  a  vu  que  chaque  message  comprend  un  preambule  et  un  texte.  Le  preambule  est  compose  d'un 
(ertdin  nombre  de  symboles  avec  un  codage  temporel  de  position.  Tous  les  symboles  ont  le  meme  code 
d'etalement  et  a  la  reception  sont  decodes  en  mode  asynchrone  dans  le  convoluteur.  L'ensemble  du  pre- 
imbule  passe  ensuite  dans  un  correlateur  de  preambule  qui  permet  d'obtenir  une  synchronisation  utilisee 
pour  decoder  le  texte,  seulement  pendant  le  message  considere.  Le  texte  du  message  qui  contient  les  bits 
d’ informations  est  constitue  de  symboles  qui  sont  decodes  dans  le  convoluteur  en  mode  synchrone. 

Pour  1  >1 imination  des  perturbations  apportees  par  les  multitrajets,  il  faut  distinguer  deux 
fas  selon  la  valeur  du  retard  du  multitrajet  : 

-  Lorsque  le  retard  du  multitrajet  est  inferieur  a  la  duree  d'un  chip  de  la  sequence  d'etalement, 
dans  le  cus  le  plus  Unfavorable,  pour  certaines  valeurs  de  la  difference  de  phase  entre  le  signal  direct 
et  le  multitrajet  et  pour  une  valeur  elevee  du  niveau  du  multitrajet,  on  peut  avoir  purement  et  simple- 
ment  une  perte  de  decodaqe  du  symbole  perturbe. 


6.2 


Lffet  des  multitrajets  sur  la  liaison  avec  etalement  de  spectre 

5.2. 1  Pics  de  convolution 

Une  liaison  comportant  un  seul  multitrajet,  avec  retard  et  niveau  variables,  a  ete  simulee 
en  laboratoire.  Afin  de  simplifier  le  montage,  la  frequence  porteuse  d'emission  a  ete  choisie  a  la 
frequence  directe  d'utilisati on  du  convoluteur  de  reception  (405  MHz).  Les  signaux  utilises  etaient 
formes  d'impulsions  de  duree  6,4  ps,  modulees  en  P.S.K.  avec  512  chips  (duree  de  chip  :  12,5  ns). 

Pour  ajouter  le  multitrajet,  le  signal  apres  modulation  etait  divise  en  deux  voies  :  la  premiere, 

directe,  correspondait  au  trajet  normal,  la  seconde,  eventuel 1 ement  attenuee  et  retardee  d'un  temps 
0  variable  au  moyen  d'une  1 igne  a  retard  ajustable,  simulait  le  multitrajet.  Apres  sommation  des  deux 
voies,  le  signal  etait  ensuite  envoye  vers  le  convoluteur  pour  etre  decode. 

On  peut  montrer,  d ' une  maniere  simplifiee.ee  que  devient  le  pic  de  convolution  fourni  par,  le 
convoluteur  en  presence  d'un  multitrajet.  Si  S(t)  est  le  signal  direct,  S ( t -9 )  le  signal  retarded 
la  somme  S ( t )  +  S ( t-0 )  est  envoyee  sur  1 'entree  signal  du  convoluteur,  1 'entree  reference  etant  a  1 i - 
mentee  par  un  signal  convenabl ement  code. 

Pour  une  entree  S(t),  le  pic  de  convolution  ideal  est  donne  par  : 

(R(t)  -(1-t/fc)  cos2nft  entre  -fcet  +  ft- 

|R(t)  =  0  ailleurs 

Lorsque  la  sonime  des  signaux  S ( t )  +S ( t-0 )  est  envoyee  a  1 'entree  du  convoluteur,  on  a 
R( t) tR( t-0)  en  sortie.  Deux  cas  peuvent  alors  se  presenter: 

-  Si  le  retard  du  multitrajet  est  inferieur  4  la  duree  d’un  chip  (0<t),  la  difference 

de  phase  des  deux  signaux  varie  suivant  la  valeur  de  9  et  dans  ce  cas,  le  niveau  du  pic  de  convolution 
reste  compris  entre  une  valeur  maximale  et  une  valeur  minimale. 

Les  maxima  st  produisent  lorsque  9  =k/f ,  avec  k  entier.  Dans  ces  conditions,  la  forme  generale 
du  pic  de  convolution  n'est  pratiquement  pas  modifiee  par  la  presence  du  multitrajet. 

La  figure  10  montre  la  forme  du  pic  de  convolution  obtenue  au  premier  maximum  (k  =  1)  avec  un 
niveau  du  multitrajet  egal  au  niveau  du  signal  direct. 

Les  minima  ont  lieu  pour  les  valeurs  0  =  (2k+1)/2f  avec  f  entier.  Le  pic  de  convolution  accuse 
alors  une  forte  perte  d'amplitude  et  il  se  dedouble. 

La  figure  11  montre  la  forme  du  pic  de  convolution  pour  le  premier  minimum  ( k  =  1 ) ,  ainsi  que  le 
signal  correspondant  a  1 'entree  du  convoluteur. 

La  figure  12  represente  la  variation  theorique  du  niveau  du  pic  de  convolution  en  fonction  du 
temps  de  retard  du  multitrajet.  L'amplitude  de  la  variation  de  niveau  indiquee  par  la  courbe  correspond 
au  pire  des  cas,  puisque  le  multitrajet  a  le  meme  niveau  que  le  signal  direct.  Pour  un  niveau  de  multi¬ 
trajet  plus  faible,  les  minima  sont  moins  accuses  et  se  produisent  4  des  instants  differents. 

-  Si  le  retard  du  multitrajet  par  rapport  au  signal  direct  est  sup^rieur  4  la  duree  d'un  chip 
(9>t),  la  recombinaison  des  deux  signaux  se  fait  d'une  maniere  albatoire  et  on  obtient  en  sortie,  4 
la  fois  le  pic  de  convolution  correspondant  au  signal  direct  et  le  pic  de  convolution  retard^  de  9, 
correspondant  au  multitrajet.  Les  deux  pics  sont  d'autant  plus  nettement  separes  que  le  retard  9  est 
plus  grand.  La  figure  13  represente  les  signaux  obtenus  4  l'entr£e  et  4  la  sortie  du  convoluteur,  avec 
deux  multitrajets  presents  simul tanement  et  ayant  des  retards  de  210  ns  et  510  ns. 

5.2.2  Decodage  des  bits  d ' information 

Pour  un  symbole  recu  affects  d'un  multitrajet  ayant  un  retard  inf4rieur  4  la  durbe  d'un  chip, 
le  pic  de  convolution  peut  etre,  soit  pris  en  compte,  soit  ignorb  par  le  circuit  de  decision,  selon 
les  valeurs  du  dephasage  et  du  niveau  relatif  du  multitrajet  par  rapport  au  signal  direct.  II  en  resulte 
alors  une  perte  d' information  et  une  augmentation  du  taux  d'erreur  de  la  transmission. 

Lorsque  le  retard  du  multitrajet  affectant  un  symbole  est  superieur  4  la  duree  d'un  chip,  le 
pic  de  convolution  desire  est  present  et  pris  en  compte.  Mais  on  trouve  egalement  un  pic  suppldmentaire 
retarde  correspondant  au  multitrajet.  Si  aucune  precaution  sp4ciale  n'est  prise  dans  la  definition  des 
caracteristiques  de  la  transmission,  pour  certaines  valeurs  du  retard,  ce  pic  parasite  peut  venir  per- 
turber  la  prise  de  decision  pour  1 'un  des  symboles  suivants  et  introduce  une  erreur. 

5.3  Moyens  permettant  de  lutter  contre  les  multitrajets 

II  existe  plusieurs  moyens,  plus  ou  moins  complexes,  permettant  de  minimiser  1 'effet  des  multi¬ 
trajets.  Certains  d'entre  eux  peuvent  etre  appliques  d'une  maniere  generale,  quelles  que  soient  les 
caracteristiques  de  la  transmission,  d'autres,  plus  specifiques  ne  peuvent  conven-r  que  pour  les  liai¬ 
sons  avec  etalement  de  spectre.  Dans  tous  les  cas,  le  but  final  est  de  separer  le  signal  utile  des 
signaux  parasites  provenant  des  trajets  multiples. 

5.3.1  Separation  d'espacr 

Le  trajet  direct  et  les  trajets  multiples  se  propageant  suivant  des  direction:,  differentes,  il 
est  done  possible  de  favoriser  le  signal  direct  en  utilisant,  soit  4  1 'emission,  soit  4  la  reception, 
ou  meme  dans  les  deux  cas,  une  antenne  directive  pointee  vers  1 'autre  extremity  de  la  liaison.  A  Re¬ 
mission,  on  diminue  ainsi  1 ' illumination  des  reflecteurs  eventuels  situes  en  dehors  de  la  zone  de  tra¬ 
jet  direct  et  cote  reception,  on  attenue  les  signaux  provenant  de  directions  differentes  de  celle  de 
I ' emetteur.  Dans  les  deux  cas,  le  signal  direct  desire  est  privilegib.  Cette  mbthode,  bien  adaptee  4 
1  >1  imination  des  multitrajets  par  reflexion,  est  cependant  limitee,  par  la  directivite  des  antennes 
pour  les  angles  faibles  entre  trajet  direct  et  trajet  refl4chi  et  par  le  niveau  des  lobes  secondaires 
pour  les  angles  plus  importants.  El  1 e  est  diff ici lement  applicable  pour  les  liaisons  dont  au  moins 
I 'une  des  extr4mitds  est  mobile. 


b.1  Origine  des  multitrajets 

Les  divers  types  de  multitrajets  que  1 'on  peut  rencontrer  dans  les  transmissions  en  hyper¬ 
frequences  (vers  1  GHz)  denendent  essentiel  lenient  de  la  geometrie  et  du  type  de  surface  des  terrains 
environnant  la  liaison,  ainsi  que  des  conditions  atmospheriques.  Ms  proviennent  de  deux  sources 
princi pales  : 

-  les  reflexions,  par  exemple  sur  le  so  "ur  les  batiments,  sur  les  structures  situees  a 
proximite  de  l'une  des  antennes,  et  meme  sur  le  mobile  qui  supporte  1'antenne  (avion, 
navi  re)  etc . . . 

-  les  refractions  atmospheriques  qui  peuvent  creer  une  courbure  anormale  des  rayons  et 
produire  entre  emetteur  et  recepteur  des  chemins  supplementaires ,  par  rapport  au  trajet 
direct. 

Une  troisieme  source  de  multitrajets,  beaucoup  moins  importante,  est  la  diffraction  sur  des 
obstacles  situes  a  proximite  immediate  de  la  zone  de  propagation  directe  (sommets  de  collines,  bati¬ 
ments,  ou  meme  simplement  courbure  de  la  terre  a  1 'horizon).  Pour  les  liaisons  en  vue  directe  qui  nous 
interessent,  ce  type  de  multitrajet  peut  etre  considere  comme  marginal  car  les  niveaux  des  signaux  pa¬ 
rasites  produits  restent  dans  tous  les  cas  faibles  par  rapport  au  signal  direct. 

b.1.1  Multitrajets  par  reflexions 

Les  reflexions  sur  des  surfaces  diverses  sont  les  sources  principales  de  multitrajets  dans  la 
bande  de  frequences  consideree,  d'autant  plus  que  le  type  de  liaison  prevu,  avec  au  moins  une  des  ex- 
tremites  mobile  ,  oblige  a  utiliser  des  antennes  omnidi rectionnel 1 es  et  dans  le  cas  d'une  liaison  sol- 
air,  les  reflexions  sur  le  sol  peuvent  etre  importantes,  particul  ierement  lorsque  les  angles  de  re¬ 
flexion  sont  faibles.  On  distingue  deux  types  de  reflexions  :  les  reflexions  speculaires  et  les  re¬ 
flexions  diffuses. 

-  Reflexions  speculaires. 

Ce  sont  des rdfl exions  de  type  miroir  qui  se  produisent  lorsqu'une  onde  plane  rencontre  un  chan- 
gement  de  milieu  sur  une  surface  suffisamment  plane  et  reguliere.  Le  coefficient  de  reflexion  peut 
etre  calcule,  soit  en  util isant  les  formules  de  FRESNEL,  soit  au  moyen  des  reseaux  de  courbes  fournis 
dans  les  references  1  et  2.  Pour  tenir  compte  de  la  courbure  et  de  la  rugosite  de  la  surface  terrestre 
qui  reduisent  le  coefficient  de  reflexion  sur  le  sol,  on  definit  un  coefficient  de  reflexion  effectif 
^>e  qui  est  donne  par  : 

^e=0.G.^o 

ou  D  est  un  facteur  qui  tient  compte  de  la  divergence  de  l'energie  reflechie  dans  1'espace  par  la  sur¬ 
face  courbe  de  la  terre  et  ou  G  prend  en  compte  la  dispersion  de  l'energie  due  a  la  rugosite  de 
surface. 

Pratiquement,  D  est  tres  proche  de  1 'unite  et  ne  diminue  que  pour  des  angles  de  reflexion  inferieurs 
a  1  degre  ;  son  influence  est  alors  favorable  pour  les  liaisons  a  grande  distance  lorsque  le  signal 
recu  est  tres  faible  car  il  apporte  une  reduction  du  niveau  des  multitrajets.  Le  facteur  G  peut  etre 
evalue  beaucoup  plus  facilement  sur  mer  que  sur  terre  en  util isant  un  modele  gaussien  pour  la  rugosite. 
Pour  un  etat  de  la  mer plus  mauvais  que  force  4,  on  obtient  une  reduction  substantielle  du  coefficient 
de  reflexion  sauf  pour  des  angles  de  reflexion  tres  inferieurs  a  1  degre  (voir  reference  2). 

-  Reflexions  diffuses. 

Ce  type  de  reflexion  se  produit  sur  des  surfaces  de  sol  irregulieres  presentant  des  facettes 
qui  reflechissent  l'energie,  non  seulement  dans  la  direction  des  reflexions  spbculaires  mais  egalement 
dans  des  directions  differentes.  Les  multiples  composantes  de  multitrajets  qui  arrivent  au  rdcepteur 
en  n'ayant  pas  parcouru  les  memes  distances  ont  des  phases  differentes  et  ne  s'ajoutent  pas  d'une 
maniere  coherente.  II  se  cree  ainsi  un  signal  analogue  a  un  bruit.  Ces  reflexions,  se  produisant  sur 
des  zones  beaucoup  plus  importantes  que  les  reflexions  speculaires,  on t  des  temps  de  retard  beaucoup 
plus  etales  dans  le  temps. 

La  figure  9  montre,  pour  comparaison,  un  exemple  de  repartition  dans  le  temps  des  composantes 
de  multitrajets  provoquees par  des  reflexions  speculaires  et  diffuses,  sur  un  signal  d'origine  impul- 
sionnel  tres  bref. 

b. 1.2  Multitrajets  par  refraction 

L'indice  de  refraction  de  l'atmosphere,  pour  les  ondes  hgperf requences ,  varie  avec  l'altitude, 
la  temperature  et  I'humidite.  Dans  une  atmosphere  normalement  claire  et  bien  brassee,  le  gradient  de 
l'indice  de  refraction  est  negatif  et  quasi  constant  avec  l'altitude.  Ceci  cree  une  legere  courbure 
des  rayons  vers  la  terre  et  augmente  la  propagation  un  peu  au-dela  de  1 'horizon  optique.  Ce  type  de 
propagation  est  dit  normal,  il  n'est  pas  la  cause  de  production  de  multitrajets.  Oependant,  sous  cer- 
taines  conditions  atmospheriques  speciales  (evaporation  intense  apres  la  pluie,  inversion  du  gradient 
de  temperature),  dans  un  air  calme,  le  gradient  de  l'indice  de  refraction  peut  subir  de  brusques  va¬ 
riations  avec  l'altitude,  voire  meme  s'inverser.  Il  se  produit  alors  des  courbures  importantes  dans 

c. ertaines  couches  qui  provoquent,  en  plus  du  trajet  direct,  un  ou  plusieurs  t.rajets  courbes  supplemen- 
taires.  Le  nombre  possible  de  ces  multitrajets  augmente  avec  la  distance  qui  separe  1 'emetteur  du  re¬ 
cepteur.  Ces  multitrajets  ne  peuvent  se  produire  que  si  1' emetteur  et  le  recepteur  a  la  fuis.  sont 
situes  au  maximum  a  quelques  centaines  de  pieds  de  la  couche  refractante.  Les  retards  entre  le  signal 
direct  et  les  signaux  refractes  recus  sont  tres  faibles,  de  l'ordre  de  quelques  nanosecondes . 

Ces  types  de  multitrajets  sont  tres  difficiles  a  prevoir  et  a  mettre  en  evidence  pour  des  li¬ 
aisons  ou  l'une  des  extrdmites  est  mobile.  Dans  ce  cas,  ils  se  produisent  d'ailleurs  d'une  maniere 
fugace . 
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Les  caracteristiques  principals  du  convoluteur  utilise  pour  les  premiers  essais  sont  les 
suivantes  : 

-  Frequence  Centrule  :  4Ub  MHz 

-  Bande  Passante  :  HQ  MHz 

-  Duree  de  traitement  de  plaque  :  1  z? ps 

-  Niveau  maximum  d'entree  :*  20  dBm 

-  Facteur  de  bi 1 ineari te: F  -  -  74  dBm  * 

-  Protection  d 1 autoconvol u tion  en  porteuse  pure  :  30  dB 

Line  autre  caracteri stique  importante  du  convoluteur  est  sa  dynamique  opera tionnel  1  e  c'est-a- 
d i re  la  plage  de  variation  possible  du  niveau  d'entree  pour  un  fonctionnement  correct.  Le  niveau  d'en¬ 
tree  minimum  admissible  est  limite  par  le  bruit  thermique  et  par  les  bruits  parasites  provenarit  de  la 
reference.  Le  seuil  de  detectivite  est  defini  pour  un  rapport  signal  sur  bruit  en  sortie  suffisant  pour 
traiter  les  pics  de  convolution  (S/B  -  10  dB).  Le  niveau  maximum  d'entree  utilisable  est  defini  pour 
me  protection  donnee  contre  les  brouilleurs  en  porteuse  pure  (par  exemple  20  dB),  de  plus,  il  ne  doit 
pas  depasser  le  niveau  nnximum  admissible  sur  le transducteur  (20  dBm). 

La  f  igure  7  montre  comment  s'obtient  la  dynamique  operationnel  le.  Les  mveaux  d'entree  et  de 
sortie  sont  representesen  abscisse  et  en  ordonnee.  Le  niveau  du  pic  de  convolution  est  lineaire  par 
rapport  au  niveau  d'entree  (droite  de  pente  10  dB/decade)  et  le  niveau  d ' autoconvol ut ion  des  brouilleurs 
correspond  a  une  droite  de  pente  20  dB  par  decade.  Ces  courbes  sont  etabl ies  pour  un  niveau  d'en¬ 
tree  du  cude  de  reference  le  plus  eleve  possible, compte-tenu  du  niveau  maximum  admissible  sur  le 
transducteur  d'entree  (20  dBm). 

On  voit  que  la  dynamique  du  signal  d'entree  est  assez  1 i mi  tee .  Elle  est  de  l'ordre  de  3b  dB 
sur  le  module  de  convoluteur  utilise  et  elle  peut  pour  d'autres  modeles  etre  portee  a  environ  4b  dB. 

■m  voit  que  de  toute  maniere,  pour  qu'un  recepteur  complet  utilisant  ce  convoluteur  soit  operation- 
'n  l  lenient  utilisable,  il  sera  necessaire  d'en  augmenter  la  dynamique.  Pour  cela,  il  faudra  au  niveau 
■  le  1'ampl  if  icateur  a  frequence  intermediate,  soit  prevoir  un  circuit  de  C.A.G.  avec  amp! if icateur 
lineaire,  soit  utiliser  un  ampl if icateur  limiteur,  au  prix  d'une  lege'  perte  de  niveau  du  pic  de 
convolution. 

4.3  Genera teur  de  codes 

Le  yenerateur  de  codes  est  forme  de  registres  a  decalage  reboucles,  fournissant  des  sequences 
de  longueur  maximale.  Les  codes  de  GOLD  sont  obtenus  par  addition  modulo  2  de  deux  sequences  de  meme 
lor.jueur.  L'une  des  sequences  est  initial isee  d'une  maniere  fixe  et  l'autre  peut  etre  initial isee  par 
programniation ,  afin  de  pouvoir  produire  a  la  demande,  des  codes  differents.  Au  lieu  d'utiliser  deux 
qenerateurs  separes  pour  le  code  "un"  et  pour  le  code  "zero",  il  est  possible,  a  partir  du  premier 
code,  de  generer  le  deuxieme  au  moyen  de  fonctions  de  WALSH,  on  obtient  alors  un  code  image,  orthogo¬ 
nal  au  premier  mais  dont  la  fonction  d'autocorrelation  presente  d'une  maniere  generale,  des  pics  secon- 
daires  de  niveaux  relatifs  plus  eleves  par  rapport  au  pic  principa’  (figure  8).  Le  g£nerateur  de  codes 
est  declenche  par  un  circuit  de  sequencement  qui  fourmt  egalement,  en  mode  asynchrone  du  convoluteur, 
la  porte  d'autorisation  des  pics  de  convolution. 

4.4  Circuits  de  detection  des  pics  de  convolution 

Les  sorties  de  chacun  des  convoluteurs  utilises  pour  decoder  les  codes  "un"  ou  "zero"  fournis- 
sent  les  pics  de  convolution,  en  U.H.F.  a  800  MHz,  constitues  d' impulsions  tres  breves  ayant  une  forme 
thcorique  de  losange  avec  une  largeur  au  pied  d'un  peu  plus  de  12  ns.  Ces  pics  passent  ensuite  dans  un 
filtre  passe-bande,  dans  un  ampl if icateur  a  faible  bruit,  puis  ils  sont  detectes  au  moyen  de  detecteurs 
rapides  et  sensibles.  Plusieurs  methodes  de  detection  peuvent  etre  utilisees  et  pour  augmenter  la  sen- 
sibilite,  il  est  possible  de  proceder  avant  detection,  a  1 'elargissement  des  pics,  au  moyen  d'une  ligne 
a  retard  a  ondes  acoustiques  de  suiface  possedant  des  prises  intermediates  judic ieusement  placees. 

Les  differents  pics  retardes  obtenus  sont  ensuite  sommes  en  phase.  Le  circuit  de  decision  constitue 
par  des  comparateurs  et  une  logique  de  choix,  fournit  les  bits  d ' information  en  eliminant  d'abord  les 
pics  qui  correspondent  a  un  bit  a  "un"  et  a  un  bit  a  "zero"  simul  tanes . 

Les  circuits  de  decodage  des  preambules  et  des  textes  des  messages  n'ont  pas  ete  representes 
sin'  la  figure  2.  Ils  dependent  essentiel lement  du  format  des  messages  qui  sera  choisi  dans  1 'avenir  et 
qui  permettra  d '  opt  i  in  i  ser  la  liaison  suivant  les  besoins. 

L  1 A I  SON  AViC  MIJL  1 1 1HAJL  TS 

'In  Hit  <|u'uno  liaison  radioel ec trique ,  d'un  emetteur  vers  un  recepteur,  est  affectee  de  trajets 

mil  t  ipli-s  mi  mu  I  ti  trajets  lorsque  le  recepteur  recoit,  en  plus  du  siqnal  normal  se  propageant  suivant 

le  trya  jet  !"  plus  direct  (propagation  optique  dans  la  bande  U.H.F.),  un  ou  plusieurs  signaux  supplemen¬ 
tin'"',  proven. mt  eqaietiier.f  de  1 'emetteur,  mais  ayant  suivi  des  trajets  differents  pour  di verses  raisons. 
L"r,  sign. un  de  mu  1  t  i  tra  jets  parcourant.  forcement  des  distances  plus  longues  que  le  signal  direct, 
v.nt  if  fei  t."',  par  rapport,  a  colui-ci,  a  la  fois  d'un  dephasage  de  1 'pride  porteuse  et  d'un  retard  d'en- 
vi ■  I  .ppe.  i  i-s  niveau/  relatifs  des  signaux  de  trajets  multiples  par  rapport  au  siqnal  direct,  dependent 

pp'*ruim»*p,p  :\\i  \  \\:rj  -1  prOVWJUt.'S . 

l.e  signal  de  reception  est  la  somme  vecturielle  du  signal  direct  et  des  siunaux  r-tanles.  Il  en 

i .  •  .  i  j  1  t  <■  des  fluctuations  de  niveau  et  des  perturbations  qui  sont  differentes  des  autres  types  d'inter- 

t  .-r  itii  i",  et  le-aucoup  plus  diff  idles  a  cviter.  In  effet,  les  signaux  parasites  pruv  l  ennen  t  de  la  meme 
source  quo  I"  signal  desire  et  se  trouver.t  par  consequent  sur  le  canal  a  recevuir. 


f  M"  .  -o  r  r  . -s  f  m  »nd  1  m  i  digital  :ty  ;;  t  *  »m  will  i  •  1 1 1 1  r  *  *  a  bandwidth  <  t  r.cvpf.il  h'lis  ot  kHz,  whudi 

i  •  sa  ■  s.eut  s  .  \  eons  \  d* *  t  .  \l  >  1  •  •  t'Xp.mf.imi.  in  juM'M  hv,  tin*  iequ»**d  bandwidth  c.m  he  r  *  vd  ♦  n  ^  *  a  i 

s 1  ■  j  n  i  !  i  *  *a  n  t  1  y  hy  »  In  •  am*  o!  nn  u  .  •  .u  iph  i  s  t  i  e.i  t  ■  *d  s  j  >»  >.  *<•})  tii«|it  ir;at  ic  >ki  algorithm.1:  and  s  i  q  ri.t  1 

■  <  >d  i  n  1 1  ■  i  >  •  h  ■  ■  nt  ■  * s  a  t  < >  j »  i  *  *  t  *  >  b*  •  d  l  s  mi  s  s .  -d  i  n  mo  t  « •  d  *  *  t  a  i  1  i  n  See !  ion  1.  i:  Imwvr  ,  it  ran 

;  i*  *  -  •:<  p*  *•  *  ■  •  *d  »hat,  in  g« -m  *  ra  l  ,  d  l  q  it  i  sa  t  i  <  m  nt  an  ana  I  ogtn  ■  w  a  v*  d  n  r  m  will  ha  v  <  *  t  In  •  «•!!•■»•  t 
d  i  1 1  ■ '  r  •  •  a  s  i  n  q  tin-  bmdwidth  ol  t  h « *  signal. 
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In  thin  s  •  • '  t  i  o  n  ,  a  1  »  i  i  •  ■  t  and  non  - i  i go  r  on s  survey  of  t  h  <  •  pi  <  q  >a  <  j  a  t  \  <  m  m<  ■»*  h  a  n  \  s  ins 
m  ■  ■ '  i  n  *  • 1 1  •  -d  in  t  1 1 .  •  radio  t  r  •  -g  m*  n « *y  s|hmM  mm  will  bn  q  l  v  <  *  n .  For  *  •  a  <  *  h  m*  •  f-|i  a  n  i  s  m  ,  t  h  •  - 
t!  !  1  a*  >  n  i  ■««  ot  t  h  •  ■  p  r  o  pa  qa  t  ion  .  •  n  v  i  r  o  n  m* *  n  t  ipon  t  li  <  •  i  •  h  a  i  a  r  t  *  •  r  i  s  t  i  e  s  o  t  i  non  j  v  «*d  s  i  « j  n  a  1  s 


will  b*  •  on  t  1  i  nod . 

.  1  KI.K,  VK  ANi  >  V I .  I-  Hands  (  Ho  l  ow  H)  kHz) 

At  tin-  V"t  y  long  wav*  d  ■  -nql  hs  in  t  h*\se  bands,  signal  propaqat  ion  in  many  cases  ran  be 

vi-  w--d  as  taking  [dam  via  spins  i  im  I  waveguide  rnodos,  with  tin*  wav^qn  id*-  boundaries  neinq 
n  ndnotor  s  I  or  mod  t » y  t  tit*  earth's  surl  am*  and  t  ho  0  -  ri*<[  i  on  of  tho  ionosphere;  t  ho 

t  i  m  s  ip  i  t  t  i  n,|  ani  -  ‘iina  arts  as  an  o  I  ec  t  r  i  r  f  i  *  *  I  d  p  r  oh* »  in  l  h  •  ■  wavequ  nj*>,  because 

it  1  "imal  ion  is  .*xt  r-’iiml  y  low,  wor  hlw  ide  propaijat  i  on  is  pons  ibl  <•;  where  one  mode  is 
i>  an  i  nan  t  ,  signal  atnpl  i  t  ado  and  phasn  are  :;t  abb-,  but  siqnif i  cant  int  nrforonoe  can  take 
pi  ■i***  I11''  W"nn  di  !  I  efiit  m(*d**s  ot  romparabln  a  mj  >  1  i  t  udos.  Tho  noise  bar  kg  rou  nd  in  t  tmso 
bands  h  is,  two  main  m  unpon*  *n  t  s  (Watt  6,  Maxwol  1  ,  ll)r)7): 

'ii  i  high  Ini  •  *  |  (iaussian  i,ompon*,rit  dun  to  a  supe  r  pos  i  t  i  on  ol  many  non-Gaussi  an  sourms 

'tin*  •  •  •  1 1 1  r  1 1  limit  t  h**oi  mn  applies),  with  no  dominant  sounmn; 

mil  i  ■  * '.  i  in  [  h  i  n  *  *  i  d  di"  to  a  t  •  •  w  dominant  sourros  which  can  be  dost' r  i  I  a  *d  approx  i  ilia  t  <*1  y  by  a 
io-j  noi.nii  aiiifditud'-  probability  density  function  and  which  becomes  .siqnifirant  when 
fho  ov-  rall  birkqroimd  noise  level  is  relatively  low. 

Me-  natural  nois*-  lio'ii  i'es  are  duo  predominantly  to  thunderstorm  activity.  In  the 
;  I  *  h  •  ■  r  i  ra  ]  wjv-quid**,  noise  nrmnjy  as  well  as  wanted  signal  **m*rqy  will  also  bo  capable  <>( 
props  gM  i  nq  OV-'I  vq1  1  irqe  distance:;. 

i-'rom  ‘tn*  <  •<  i  iii  mu  n  i  ra  t  ion  system  viewpoint,  the  f  requoncy  ranqo  below  H)  kHz  has  the 
;  '  I  i 1  >  w  i  nq  i  m  pi  w't  mil  [iropnrt  ies: 

M  It  pro  ••i<l-*s  a  long-range,  stable  propaqat  ion  mechanism  whose  normal  temporal 

variations  ran  b*>  j  •  r  nd  i  <  *t  <  »<l  accurately.  I’ert  urbat  ion  of  the  ionoshjiorc^  by  abnormal 
olar  aei  ivi  t  y  ran  qiv<*  ris»  to  sudd<*n  phase  anomalies  and  also  amplitude 

:  Is  •  t  ii  it  i  oris  . 

■id  !•’ I  •  *•' ♦  n  >ma<j  net  i  -•  (KM)  s  i  q  na  1  s  in  this  frequency  ranqo  have  significant  seawater 

P’-r.'tr  af  ion  and  ran  thus  b*  •  usnd  lor  communication  with  submer  s  i  hi  os. 

'  *)  I’  i  a  n  m  i  s  i  on  t**rnis  to  bo  of  a  one-way  (  f  i  xr»d  s  t  a  t  i  o  n  -  t  o~  in  ol)  i  1  e )  broadcast  type 

i  ■  ’  ■  ■ "  a :  i  s  n  ,,}  tfj.-  lrirq**  antennas  and  high  transmitter  powers  required  to  launch 

si  quit  i'Miit  “n*>rqy.  Tim  band  is  used  lor  both  minimi  n  i  oa  t  i  on  and  navigation  purposes. 

'  i  Av  til  ibl**  liandwidths  ar»*  1  i  m  i  t  *  »<l  and  \  r  >  *«.juen  cy  assignments  are  carefully  controlled 

l*y  irit.-rnat  ional  aqr****m**nt  because  of  the*  worldwide  nature  of  th<*  propagation  and 

i  h*1  r  ■  >n : ;  ■  *i  pi*  'id  potent  ial  for  int  **rt  erenre. 

/  .  hi-'  md  Ml-  llimi  ;  (  It)  kHz  -  ]  MHz ' 

In  tills  !  r  *  •«  f  u  *  *  n  >*y  rang-*,  tin*  dominant  form  o  f  propatja  t i  on  is  via  the  surface  wave 

. i'iimi;  I  d  b  *  ■  r  i,  I  ’M)  6  )  .  The  surface  wave  provides  a  ve  r  t  i  ca  1  1  y -[>o  1  a  r  i  sod  signal 

whiM  iinn  is  r**la»  iv**ly  stable  in  amplitude  and  jdi<ise;  t  he  attenuation  of  t  he  surface 
a  i v •  i  ■  «!••[»•  Tid- -n t  i.peii  di:dan<-*>  from  the  transmitting  antenna,  the  frequency  in  use  and 
‘s  -  ar"ind  eoir;'  .mb;.  At  lon<i"r  rang**s  and  high**r  frequencies,  especially  at  night, 

*  '■ '  • '  i  •  •  ‘ r  •  ■  n  r  •  •  !r*»:i-  i  <>  n  o  *;  f  *ii  •  -  r  i  <  -  a  I  1  y  -  ;■  r  <  q .  a  q  a  t  *  •  d  sky  wav*  si<jnal  aimponcnt  s  becomes 

•  ’  Jill-  i  'ant  »nd  ran  -*a  i  -v*  -  r**  want  <*d  -signal  dr*q  rada  t  i  on.  Surface  wave  propagation  is 

■  i  f  f  i  • '  1 1  i  f  1  /  •  d  t  •  -•  •  t  i  v* '  *  >v*  •  r  ;  •  -a  w  a  *  ■  •  r  and  f  h*  ■  Ml-'  band  is  used  extensively  for  s  h  i  p- 1  o-  s  h  i  p 

i i  ;  h  :  p  -  h  •  r  •  •  eo  m  m  1 1;  i  ■  *  a  »  t  » »n .  7*  *  r  y  long  ranges  ran  also  be  achieved  by  h  i  q  h  power  bp 

<r  ■  i  i  h  t  *  :  is  .r  i  t  t  ■  - 1 

A*  ;n«  r;ph<  •?  i  r  noi-v  b  vri  at  ••  q'-n**tally  luw-u  than  with  Kl.F' VF,  VLK  systems,  but  t  h**re 
is  .till  m  a  f<  p  r  *  •  •-  *  i  ibl » ■  rmii  daus-.ian  ■  ■<>  mj  »t  >n  *  *n  t  in  <iddi  t  ion  to  t  h"  (Iaussian  background. 

I  *  >  n  i  ■  ;  j  h  •  *  r  i  '-a  1  l  y  -  r  »» 1  r  a  <  ■  t  *  -d  unw  ml  •  d  *;  i  q  na  1  s  ra  n  a  1  so  g  i  v  •  *  rise  to  high  levels  of  rn- 

•fi  i  me*  I  int  <  •  r  !  •  r  •  •  n  r  *  ■ ,  [>a  r  t  i  ■  si  1  a  r  1  y  in  t  In-  MK  rung-'. 

In  t  <  ■  r  m  s  of  eoniiminiral  ion  systems,  th»*  prop.»rt  i  *»s  ot  the  I.K  MK  band  ('an  be 

si m :n a  r  i  -s *d  as  follows: 

f  »)  ft  provides  a  m**d  l  u  m  ra  n  «je  pi  opagat  i  on  m**dium  in  wfiirh  siijnals  can  vary  between 
b**inq  liighly  '»t#ibl**  to  ext)  i  bi  t  i  mi  sevre  ampl  i  tudr  and  phas<*  fluctuations. 


(b)  Surface  wave  signals  in  this  frequency  range  propagate  efficiently  over  seawater  and 
are  used  for  maritime  communications.  The  LF  band  is  also  used  for  general 
broadcast  and  navigation  purposes. 

(c)  Large  transmitting  antennas  are  required  for  efficient  coupling  to  the 
propagation  medium. 

(d)  Available  bandwidths  are  low  and  frequency  assignments  are  controlled  by 
international  agreements,  again  because  of  the  considerable  potential  for  long-range 
interference. 

2.3  HF  Band  (3  -  30  MHz ) 

The  HF  band  is  one  of  the  most  important  operationally  since  it  enables 
communication  to  take  place  over  a  range  of  distances  from  1  ine-of-s ight  to  world-wide; 
frequency  values  are  such  that  efficient  antenna  systems  need  only  have  dimensions  of  a 
few  metres,  thus  making  them  suitable  for  mobile  mounting.  The  major  propagation 
mechanism  is  due  to  signal  energy  refraction  by  the  various  regions  of  the  ionosphere; 
surface  wave  propagation  can  still  be  used  at  the  lower  end  of  the  band  and,  in  some 
cases,  at  the  upper  extremes  also.  HF  i onospher ica 1 1 y- ref rac t ed  (sky  wave)  signals 
generally  exhibit  significant  levels  of  multipath  and  time  dispersion  (Goldberg,  1966). 
Relatively  transient  and  less  predictable  phenomena,  such  as  sporadic  E-layer  and  spread 
F-layer  propagation,  also  influence  signal  transmission  in  the  band. 

In  many  regions  of  the  world,  co-channel  man-made  interference  levels  from  other 
communications  users  of  the  spectrum  are  very  high  and  indeed  can  be  the  factor  limiting 
HF  system  performance  (Darnell,  1984(a))  (Gott  et  al,  1983).  Natural  atmospheric  noise 
may  also  be  dominant  in  certain  geographical  areas  and  in  specific  frequency  ranges. 

The  most  important  properties  of  the  3-30  MHz  band  from  the  communications 
viewpoint  are; 

(a)  It  provides  a  transmission  medium  which  is  effective  over  a  wide  range  of  distances. 
However,  the  received  signals  can  exhibit  severe  fading  and  dispersion 
characteristics  and  considerable  attention  needs  to  be  given  to  the  type  of  signal 
generation  and  processing  procedures  employed  to  achieve  reliable  operation. 

(b)  Comparatively  small  antennas  and  low  transmitter  powers  are  necessary  to  access  the 
med ium. 

!c>  Available  bandwidths  are  usually  restricted  to  a  maximum  of  3kHz  and  a  given  channel 
may  be  assigned  several  times  over  on  a  world-wide  basis.  Consequently,  the 
potential  for  interference  is  large  and  an  HF  communication  system  may  have  to 
operate  in  the  presence  of  high-level  co-channel  signals  generated  by  other  spectrum 
users. 

(d)  The  long-term  median  parameters  of  HF  propagation  paths,  which  are  dependent  upon 
many  factors  such  as  seasonal  cycle,  diurnal  cycle,  sunspot  activity,  etc,  can  be 
predicted  with  reasonable  accuracy  (Barghausen  et  al,  1969);  the  short-term  (minute- 
to-m i nute/second-to-second)  variability  of  the  path  is  far  less  predictable  (Rawer, 
1975). 

2.4  VHP  Band  (30  -  300MHz):  Non  Li n e-of -Sig h t  Modes 

The  propagation  mechanisms  introduced  in  the  context  of  HF  systems  in  the  previous 
section,  i.e.  ionospheric  refraction,  sporadic  E  and  spread  F  modes,  can  also  occur  in 
the  lower  part  of  the  VHF  band.  In  addition,  the  mechanisms  of  meteor-burst  and 
ionospheric  scatter  propagation  can  also  give  usable  signals  for  communication  purposes. 

Ionospheric  scatter  signals  (Browne  et  al,  1963)  are  propagated  via  the  lower  region 
of  ionosphere  and  exhibit  path  attenuations  which  are  typically  80-90  dB  greater  than  the 
f roe-space  values.  Meteor-burst  propagation  arises  as  a  result  of  signal  energy  being 
r"turn‘-i|  to  earth  from  the  ionised  trails  of  meteors  occurring  at  heights  of  between  75- 
120km.  A  given  trail  would  normally  persist  for  only  a  fraction  of  a  second,  with 
intervals  of  several  tens  of  seconds  between  trails;  thus  the  path  is  essentially 
intermittent.  However,  the  statistical  characteristics  of  trail  occurrence  are  relatively 
well  defined  and  can  be  modelled  with  reasonable  accuracy  (Oetting,  1980). 

In  communications  terms,  the  properties  of  the  above  non  1  i  ne-of-s ight  modes  can  be 
summarised  as  follows: 

(a)  Meteor-burst  and  ionospheric  scatter  signals  can  provide  usable  communication  at 
ranges  of  up  to  about  1500  -  2000  km.  The  primary  characteristics  of  the  scatter 
mode  are  its  low  signal  strength  and  somewhat  restricted  bandwidth.  Meteor-burst 
signals  in  contrast  are  at  relatively  high-level,  persist  for  very  short  intervals, 
and  can  have  a  large  bandwidth.  Both  modes  can  exhibit  fading  of  various  types. 

<  b  I  Directional  antennas  are  required  for  both  modes;  because  of  the  high  path 
attenuation,  scatter  propagation  transmitter  powers  are  higher  than  those  for 
meteor-burst  modes. 
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(c)  Available  bandwidths  for  scatter  modes  are  typically  a  few  kHz  whilst,  for  meteor- 
burst,  bandwidths  of  several  MHz  are  common. 

(d)  Meteor-burst  paths  are  virtually  unique  between  given  transmitter  and  receiver 
locations.  The  incidence  of  meteor  trails  shows  well-defined  diurnal  and  seasonal 
variations  and  can  be  described  by  reasonably  precise  statistical  models. 

2.5  VHF/UHF/SHF  Bands  (Few  10's  of  MHz  to  few  GHz):  Tropospheric  Scatter  Modes. 

In  the  VHF/UHF/SHF  bands  over  the  frequency  range  from  a  few  10's  of  MHz  to  a  few 
GHz,  radio  waves  are  scattered  by  inhomogeneities  in  the  troposphere  some  5-11  miles 
above  the  earth's  surface  (Booker  &  Gordon,  1950).  Signal  attenuations  are  typically  60- 
90  dB  greater  than  those  of  free-space  paths.  Ranges  of  a  few  hundreds  of  kilometers  can 
be  achieved  via  this  propagation  mechanism.  Troposcatter  signals  exhibit  both  slow  and 
rapid  fading  characteristics  which  tend  to  be  uncorrelated  for  relatively  small  frequency 
and  positional  separations;  also,  there  are  significant  multipath  dispersion  effects  due 
to  the  finite  size  of  the  scattering  volume  in  the  troposphere. 

The  important  communications  properties  of  the  medium  are: 

(a)  It  provides  a  medium-range  (up  to  several  100's  of  km)  means  of  beyond  1 ine-of-s igh t 
commu  n ica t ion . 

(b)  Signal  strengths  are  low  and  thus  directive  antennas  and  high  transmitter  powers  are 
required.  However,  a  received  signal  is  always  present. 

(c)  Both  multipath  and  fading  effects  are  significant;  space  and  frequency  diversity 
processing  is  effective. 

(d)  Usable  bandwidths  of  several  MHz  are  available. 

(e)  Atmospheric  and  galactic  noise  effects  must  both  be  considered  in  th  analysis  of 
troposcatter  system  performance. 


2.6  VHF/UHF/SHF  Bands  (Above  30MHz):  Line-of-Sight  Modes 

Included  under  this  heading  are  terrestrial  1 i ne-of - s i g h t  (LOS)  propagation  and 
propagation  over  earth/space  paths. 

Terrestrial  paths  may  give  rise  to  signal  diffraction,  atmospheric  refraction, 
reflection,  interference,  re-radiation  and  absorption.  Climatic  factors,  such  as 
rainfall  and  water  vapour  in  the  atmosphere,  can  affect  signal  levels  significantly  and 
introduce  dispersion  effects  (Crane,  1975).  In  mobile  systems,  the  continuously  changing 
nature  of  the  propagation  path,  particularly  in  urban  areas,  causes  rapid  and  severe 
signal  fluctuations. 

Rarth/space  propagation  is  relatively  stable,  although  signal  characteristics  are 
affected  by  "near-earth"  effects.  Also,  particularly  in  the  UHF  band,  the  passage  of 
signals  through  certain  regions  of  the  ionosphere  may  impose  scintillation  and  fading 
characteristics  (Lawrence  et  al,  1964). 

The  important  communication  character i st ics  of  1  i ne-of -si ght  systems  are: 

(a)  Under  most  circumstances,  signals  are  steady  and  only  relatively  low  transmitter 
powers  are  required  to  overcome  the  free-space  and  other  path  losses. 

(b)  Re-use  of  frequencies  is  achieved  by  careful  installation  planning  and  directional 

antennas.  Consequently,  co-channel  interference  can  normally  be  neglected  except 
possibly  in  mobile  systems. 

CO  Avai  lablo  bandwidths  range  from  several  MHz  in  SHF  systems  to  several  kHz  in  VHF 
sys t ems . 

cd)  Long-range  terrestrial  propagation  can  bo  achieved  by  tandeming  1 i ne-of-sight  links 
and  using  signal  regenerators. 

(■■)  At  VHF,  atmospheric  noise  and  manmade  noise  are  significant;  at  higher  f roquonc i os, 
galactic  noise  and  noise  generated  within  the  receiving  system  assume  a  greater 
t  mpo rt  ancf . 

In  the  following  section,  the  various  digital  transmission  techniques  which  are  used 
w i t h  the  types  of  propagation  media  discussed  above  will  be  described  and  compared.  The 
manner  in  which  the  propagation  characteristics  influence  the  choice  of  digital 
transmission  techniques  will  be  emphasised. 


).  DIGITAL  TRANSMISSION  TECHNIQUES 

From  the  previous  discussion,  it.  is  seen  that  the  range  of  propagation,  noise  and 
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interference  conditions  in  the  various  frequency  ranges  is  very  great.  To  a  large 
extent,  it  is  these  conditions  which  influence  the  nature  of  the  transmission  techniques 
used  in  any  given  digital  communication  system.  In  this  section,  the  major  digital 
transmission  techniques  will  be  outlined  and  their  relevance  to  communication  in  the 
frequency  bands  introduced  in  Section  2  indicated. 

3.1  Modulation 

The  factors  affecting  the  choice  of  modulation  technique  are: 

(i)  available  bandwidth; 

(ii)  EMC  constraints; 

(iii)  time  and  frequency  dispersion; 

(iv)  noise  and  interfering  signal  characteristics; 

(v)  rates  of  change  of  channel  parameters; 

(vi)  requirements  for  interaction  with  other  digital 
signal  processing  techniques. 

The  importance  of  these  factors  will  now  be  examined. 

3.1.1  Available  Bandwidth 


In  general,  increases  in  carrier  frequency  range  will  be  accompanied  by  increases  in 
the  bandwidth  available  for  any  given  service.  Thus,  in  the  ELF/VF/VLF  bands,  bandwidths 
of  a  few  10's  of  H2  may  be  assigned  whilst  SHF  satellite  or  terrestrial  LOS  communication 
systems  can  have  bandwidths  of  several  MHz.  Clearly,  it  is  important  to  use  bandwidth- 
efficient  modulation  schemes  (i.e.  those  which  maximise  the  number  of  bits/s/Hz)  where 
bandwidth  is  limited;  an  example  of  this  type  of  modulation  is  minimum-shift  keying  (MSK) 
(Pasupathy,  1979)  which  is  now  used  extensively  in  VLF  data  broadcast  systems. 


Fig.  3  illustrates  the  principle  of  MSK  modulation.  Two,  time-offset,  quadrature 
sub-channels,  I  and  Q,  at  the  same  frequency  wc,  are  independently  phase- r ever sa 1 
modulated  by  data  bit  streams  a^(t)  and  a_(t)  (either  +1  or  -1)  derived  from  an  original 
single  data  source.  The  transitions  between  the  different  phase  states  for  both  I  and  Q 
sub-channel  signals  m^t)  and  m  (t)  are  sinusoidally  weighted  so  that,  after  combination, 
they  form  a  constant  amplitude  MSK  signal  m(t).  Therefore 


m(  t)  =  m^ ( t) 


mq(t> 


Sj ( t )  cos 


COS  Wct 


+  aq(t)  sin^nrt^  sin  wct 

which  can  be  simplified  to  give: 

m(t)  =  cos  [wct  +  b(  t )  ^~nt^+  ^(t) 

where 


b  (  t) 


and 


-  ai ( t )  a  (t> 


t)  =  f  0;  if  a ^ ( t )  =  +1 
lit:  if  a^t)  =  -1 


[5] 

[6] 


[7] 

[8] 

[9] 


MSK  may  be  considered  as  a  special  case  of  continuous-phase  frequency-shift  keying  (FSK) 
with  a  carrier  deviation  equal  to  half  the  bit  rate  of  the  modulating  signal  -  the 
minimum  theoretically  achievable. 


It  should  be  noted  that: 


(a)  the  composite  MSK  signal  has  constant  envelope  amplitude; 

(b)  the  RF  carrier  is  phase-continuous  at  the  symbol  transitions  and  that  the  phase 
changes  linearly  over  the  symbol  intervals; 

( c )  MSK  may  be  viewed  alternatively  as  shaped  offset  quadrature  phase-shift  keying 
(  QPSK )  . 

The  bandwidth  efficiency  of  MSK,  as  compared  with  normal  QPSK,  may  be  evaluated  by 
determining  the  corresponding  bandwidth  within  which  say  99%  of  the  transmitted  power  is 
contained.  For  MSK,  this  bandwidth 


099  =  1.2/T  Hz 
whilst  for  QPSK 

B99  =  8/T  Hz 


[10] 
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However,  MSK  has  a  substantially  wider  main  spectral  lobe  than  has  QPSK. 

In  contrast,  at  higher  carrier  frequencies  such  as  those  employed  in  V/UHF  tactical 
mobile  systems  and  SHF  satellite  systems,  there  is  an  increasing  trend  towards  the  use  of 
extended  bandwidth,  s pread- spec t rum  techniques  (Dixon,  1975),  where  the  enhanced 
processing  gain  can  be  employed  to  overcome  non-linearities  and  high-level  interfering 
signals  and  to  achieve  a  low  probability  of  interception  by  unauthorised  receivers. 
Spread-spectrum  systems  fall  into  two  basic  categories: 

(a)  direct  sequence,  where  the  carrier  signal  is  subjected  to  digital  phase-modulation 

at  a  high  rate; 

(b)  frequency-hopped  systems,  where  the  signal  frequency  is  changed  rapidly  over  a  wide 

spectral  range. 

Figs.  4(a)  and  (b)  show  di ag rama t ica 1 1 y  the  principles  of  d i r ec t- seque nee  spread- 
spectrum  (DSSS)  processing.  At  the  input  to  the  spread-spectrum  (correlation)  receiver, 
the  ratio  of  the  total  wanted  signal  power,  S,  to  the  total  unwanted  noise/interference 
power,  N,  is: 

[  S/N  ]  ±  f  S/(N0Af)  [12] 

where  N Q  is  the  average  noise  power  spectral  density.  At  the  correlator  output,  the 
corresponding  SNR  is 

[ S/N 1 Q  =  S/(Nq  £f)  [13] 

Thus,  the  processing  gain  is 

Gp  =  [S/N]Q/[S/N]i  =  Af/  £f  [14] 

Hence,  in  principle,  large  processing  gains  can  be  achieved  if  the  ratio  of  spread- 
spectrum  signal  bandwidth  to  information  bandwidth  is  also  made  large.  In  practice, 
however,  receiving  system  noise  and  implementation  constraints  will  limit  performance. 

In  a  f requency -hopped  spread-spectrum  (FHSS)  system,  assuming  a  uniform  noise  power 
density  spectrum,  the  processing  gain  can  be  shown  to  be  (Utlaut,  1978): 

Gp  =  n  [15] 

where  n  is  the  total  number  of  hopping  sub-channels  employed. 

3.1.2  EMC  Constraints 

By  electromagnetic  compatibility  (EMC)  is  meant  the  ability  of  a  given 
electromagnetic  (EM)  system  to  operate  in  conjunction  with  other  EM  systems.  In  the 
context  of  communication  systems,  the  important  characteristic  of  a  modulation  technique 
which  affects  its  EMC  properties  are  its  effetive  occupied  bandwidth  and  the  level  of 
sideband  energy  outside  the  immediate  passband  since  this  will  form  a  source  of  co¬ 
channel  interference  for  adjacent  channel  signals.  In  certain  regions  of  the  radio 
spectrum,  e.g.  the  UHF  band,  channel  separations  are  being  reduced  progressively  which  in 
turn  places  more  stringent  and  constraints  on  the  allowable  energy  overspill.  Here  again, 
spectral ly-ef f icient  modulation  schemes  such  as  MSK  offer  advantages. 

3.1.3  Time  and  Frequency  Dispersion 

The  degree  of  time  and  frequency  dispersion  imposed  by  the  propagation  medium  on  a 
communications  transmission  is  possibly  the  most  important  factor  influencing  the  choice 
of  modulation  technique.  In  simple  terms,  the  intersymbol  interference  due  to  multipath 
and  time  dispersion  limits  the  minimum  symbol  period.  It  is  for  this  reason,  for 
example,  that  HF  medium-speed  data  modems  have  tended  to  employ  multiple,  low-rate, 
frequency-multiplexed,  sub-channels  for  which  the  maximum  expected  multipath  spread  is 
small  relative  to  the  symbol  interval. 

In  the  frequency  domain,  the  phase  instability,  or  Doppler  spread,  of  a  signal  has 
t o  be  taken  into  account  when  selecting  a  modulation  format.  Here  it  must  be  emphasised 
that  the  rate  of  change  of  phase  ft  with  respect  to  time,  d^/dt,  has  the  dimensions  of 
t  requency,  but  does  not  necessarily  represent  a  steady  frequency  shift  in  either  a 
positive  or  a  negative  sense.  For  instance,  a  phase- sh i f t- key ed  (PSK)  transmission  would 
be  i nappropr i at e  for  a  path  exhibiting  large  random  phase  perturbations,  since  it 
normally  requires  an  accurate  phase  reference  to  be  derived  from  the  received  signal. 
Differential  phase- sh i f t - key i ng  (DPSK),  in  which  the  phase  reference  for  a  given  symbol 
is  derived  from  the  phase  of  the  previous  symbol,  may  still  be  applicable  where  the 
short-term  phase  stability  is  reasonable.  Frequency  ./phase  instability  and  offsets  may 
1 1  so  arise  die  t(,  trie  cha  ract  er  i  s  t  i  cs  of  the  communications  equipment  being  used  and  must 
be  taken  into  account  in  the  overall  design.  Thus,  the  basic  choice  which  has  to  be  made 
in  a  given  situation  is  whether  a  synchronous  (coherent)  or  asynchronous  (non-coherent) 
modulation  scheme  should  tie  employed;  this  choice  will  be  dictated  primarily  by  the  phase 
uni  frequency  stability  of  the  medium.  Clearly,  stable  paths  such  as  ELF/VF/VLF  and  SHF 
g  round  sat  el  1  1 1 ..  links,  can  support  phase-coherent,  modulation  schemes  such  as  MSK,  PSK 


and  QPSK.  [n  contrast,  a  relatively  unstable  medium,  such  as  HF,  will  normally  require 
the  use  of  non-coherent  amplitude  shift-keying  (ASK),  non-coherent  f  requency-shif t- 
keyinq,  or  DPSK. 

In  a  situation  where  time  and/or  frequency  dispersion  are  significant,  it  is 
normally  possible  to  improve  the  quality  of  reception  substantially  by  making  use  of  one 
or  more  forms  of  diversity  processing,  eg. 

-  frequency  diversity 

-  space  diversity 

-  polarisation  diversity 

-  time  diversity 

-  geographical  diversity 

3.1.4  Noise  and  Interfering  Signal  Characteristics 

The  performance  of  a  given  modulation  sceme  will  be  dependent,  to  some  extent,  upon 
the  nature  of  the  noise  and  interference  experienced  during  transmission  over  the 
communication  channel.  Classical  comparisons  of  performance  of  different  types  of 
digital  modulation  assume  a  background  of  Gaussian  white  noise;  in  practice,  this  noise 
model  is  rarely  valid.  For  example,  in  the  ELF/VF/VLF  bands,  log-normal  "thunderstorm” 
noise  is  often  the  mechanism  giving  rise  to  errors;  at  HF,  man-made  interference  tends  to 
be  the  domininant  error  mechanism;  in  VHF  urban  band  mobile  applications,  noise  from 
electrical  machinery  and  car  ignition  systems  often  limits  system  performance.  In  each 
of  these  three  examples,  the  noise  process  is  certainly  non-Gaussian  and  may  well  affect 
specific  modulation  types  in  a  severe  and  largely  unpredictable  manner. 

If  possible,  a  reasonable  model  of  the  noise/interference  environment  should  be 
derived  from  practical  measurements  and  used  in  any  simulations  of  system  performance 
carried  out  at  the  design  stage. 

1 . 1 . 1  Rates  of  Change  of  Channel  Parameters 

The  rates  of  change  of  channel  parameters  are  related  to  the  dispersion  and 
noise/interference  considerations  discussed  previously.  If  the  f r equency- se 1 ec t i ve 
fading  characteristics  or  the  noise  profile  of  a  given  channel  change  with  time,  it  may 
well  be  that  a  given  modulation  scheme,  which  initially  had  an  acceptable  level  of 
performance,  will  subsequently  provide  an  inadequate  grade  of  service.  Hence,  it  will  be 
necessary  to  adapt  the  modulation  format  to  allow  for  the  changes,  eg.  to  change  the 
frequency  separation  and/or  position  of  FSK  sub-channels. 

In  the  case  of  adaptive  modems,  see  for  example  (Monsen,  1983),  the  rates  of  change 
of  channel  parameters  will  determine  whether  the  adaptation  algorithms  can  perform 
satisfactorily.  Again,  the  need  for  a  realistic  model  of  the  propagation  path  to  be 
available  during  the  design  phase  of  the  system  becomes  apparent. 

3.1.6  Requirements  for  Interaction  with  other  Digital  Signal 

Processing  Techniques. 

It  is  often  necessary  to  interface  modems  with  other  digital  signal  processing 
devices.  Possibly  the  most  important  requirement  of  this  nature  is  to  interface  a 
demodulator  with  an  error  control  decoder  of  the  type  to  be  discussed  in  Section  3.2. 
Here,  information  from  the  demodulator  is  used  to  enhance  the  error  control  capability  of 
the  decoder,  a  technique  known  as  "soft-decision  decoding". 

The  principle  of  the  technique  is  shown  in  Fig.  5.  A  normal  binary  demodulator  will 
make  a  decision  as  to  whether  the  received  signal  represents  a  +1  or  -1  according  to 
whether  it  is  above  or  below  a  given  threshold  level;  this  is  termed  a  "hard"  decision. 
A  "soft"  decision  associates  a  confidence  level  with  a  given  hard  decision;  in  Fig.  5, 
the  sof t -deci s i on  confidence  levels  (shown  in  brackets)  represent  the  average  received 
signal  level  during  the  ha rd-dec i s i on  intervals,  ie.  the  distance  from  the  threshold. 

Other  parameters  of  the  received  signal,  such  as  phase  margin  in  a  PSK  or  DPSK 
system,  can  also  be  used  as  soft-decision  parameters.  When  the  binary  hard-decision  data 
is  applied  at  the  input  of  an  error  control  decoder,  the  soft-decision  values  may  also  be 
retained  to  improve  the  performance  ot  the  decoder. 

Modulation  techniques  may  also  interact  with  multiple-access  coding  schemes  in  say 
satellite  and  terrestrial  I.OS  SHF  systems.  For  example,  in  a  non-linear  satellite 
transponder,  i nte r modu 1  a t i on  can  limit  the  capacity  of  a  f r equency- d i vi s i on  multiple- 
access  ( FDMA )  system;  spread-spectrum  multiple-access  (SSMA),  or  code-division  multiple- 
access  (CDMA),  involving  DSSS  modulation,  can  alleviate  the  effects  of  the  non-linearity 
by  effectively  randomising  the  i n t er modul a t i on  products. 


3.2  Error  Control  Coding 

Error  control  coding,  sometimes  known  as  error  protection  coding  or  error  detection 
and  correction  (FDC),  involves  the  addition  of  deterministic  redundancy  to  the  source 
data  to  be  transmitted.  At  the  receiver,  a  knowledge  of  the  nature  of  the  imposed 


redundancy  will  enable  certain  types  of  transmission  errors  to  be  detected  andpossibly 
corrected . 

Error  control  codes  fall  into  two  basic  categories: 

(a)  block  codes; 

(b)  convolutional  codes. 

These  will  now  be  discussed  individually. 

3.2.1  Block  Coding 

In  block  codes,  information  digits  are  taken  k  at  a  time;  c  parity  check  digits  are 
then  calculated  giving  an  overall  codeword  length  of  n  digits,  where 

n  =  k  +  c  [16] 

This  code  is  termed  an  (n,k)  code  and  has  a  code  rate  R,  or  efficiency,,  given  by 

R  =  k/n  [17] 

An  important  parameter  of  a  block  code  is  its  minimum  Hamming  distance,  d,  which  is  the 
minimum  number  of  digits  by  which  any  two  codewords  differ;  it  is  thus  a  measure  of  the 
uniqueness,  or  con f usabi 1 i ty ,  of  codewords  and  is  evidently  related  to  the  error 
detection  and  correction  potential  of  a  code.  The  greater  the  Hamming  distance,  the 
lower  the  probability  that  any  given  codeword  will  be  transformed  by  errors  due  to  noise 
into  another  valid  codeword.  In  general,  if  a  code  is  to  correct  e  errors,  its  minimum 
Hamming  distance  must  be  at  least 

d  =  [2e  +  1 ]  [18 ] 

Also,  if  a  code  is  to  detect  e  errors,  its  minimum  Hamming  distance  must  be  at  least 

d  =  [e  +  1]  [19] 

Block  code  designs  exist  for  the  detection  and  correction  of  many  different  types  of 
error  patterns,  from  single  random  errors  to  long  error  bursts  (Lin  and  Costello,  1983). 
It  is  important  that  the  statistical  nature  of  errors  which  are  likely  to  be  encountered 
on  a  given  channel  is  known  prior  to  the  application  of  error  control  coding,  otherwise  a 
"mismatched"  coding  procedure  can  make  the  situation  worse  and  actually  increase  the 
overall  error  rate.  As  mentioned  in  section  3.1,  so f t -d ec i s i on  data  can  be  used  to 
enhance  the  error  control  capabilities  of  many  codes. 

It  is  possible  to  use  block  codes  in  an  open  loop  (forward  error  correction)  mode, 
or  a  closed  loop  configuration.  When  the  propagation  path  gives  rise  to  time-varying 
urror  statistics,  as  might  be  the  case  in  the  HF  band,  the  closed  loop  mode  is  to  be 
preferred;  such  a  mode  of  operation  is  commonly  termed  "automatic  repeat  request"  (ARQ) 
(Van  Duuren,  1951).  All  the  transmitter  data  is  encoded  using  a  high-rate,  error 

detection  block  code.  If  any  block  is  found  to  be  in  error  on  reception,  a  repeat  of 

that  block  is  requested  via  a  feedback  link.  The  system  can  be  given  a  greater  potential 
fur  adaptation  if  the  power  of  the  block  code  can  be  varied  in  accordance  with  channel 

conditions;  eg.  if  the  number  of  repeats  requested  in  a  specified  time  interval  exceeds  a 

certain  threshold  value,  a  lower  rate  code  will  be  selected  (Goodman  and  Farrell,  1975). 

ARQ  has  also  been  applied  to  the  meteor-burst  intermittent  channel  where  the  system 
continuously  requests  repeats,  except  during  the  short  periods  of  the  bursts  when  data 
can  be  transmitted  at  high  rate  (Bartholome  and  Vogt,  1968). 

Other  error  control  techniques,  based  upon  block  codes,  have  been  applied  in  the 
following  a  r  ■  •a  s : 

!a)  T i mu - d i v » r s i t y  modems  where  effectively  a  simple  repetition  code  is  used  with 
majority  voting,  the  same  information  being  transmitted  on  a  number  of  time-offset 
frequency  s j b- chan ne 1 s  (McCarthy,  1975). 

'ru  Thu  c.jpKy  mod"m,  where  a  2  -  d  i  mens  i  ona  1  array  code  is  used  in  con  i  u  net  i  on  wi*h  soft- 
decjsiori  lata  in  a  multiple  sub-channel  HF  modem  Chase,  197  3). 

■i  Interleaving,  combined  with  a  simple  random  error  correct  i  nq  block  code,  to  coinba* 
error  bursts  (Houqlas  i»  Herons,  19711. 

'onvolutional  Coding 

Whereas  h  1  o'  -  x  •  ad  i  n  g  derives  i  t  s  e  pit  i  t  y  I  i  q  i  ‘  s  from  i  -.ingle  h  ]  or-  x  ol  k 

.  n  i  e,  r  m  a  '  i  on  d  i  q  i  t  s  ,  eon  Vo  1  a  t  i  o  na  1  ''ivnilnri  rake;  i  o  ,  <  -  h  is  I  ‘  i  o  -a  ever  i  1 

Cocks  of  information  d  l  q  i  ‘  s . 

fig,  6(a)  shows  a  s  o  li  <■  m  a  t  i  o  d  i  i  i  r  am  of  i  .  -  o  n  v  o  1  i 1  i  o  n  a  !  encoder.  The  name 
e  on  vo  1  u  t  i  ona  1  en,-od  or  is  derived  from  the  f  a  - 1  'fiat  *  lie  .  >  a  t  ; ,  i 1  1 1 1  i  s  t  t  .  \  m  may  be  vi"W"ii 
as  the  convolution  of  the  Inpir  data  stream  and  » h"  response  function  of  the  encoder,  as 


is  the  case  with  a  linear,  t  i  me- i n va r i an t  analogue  system  (Lee,  1960).  In  the  case  of 
the  convolutional  encoder,  the  system  may  also  be  considered  to  be  linear  if  the  encoding 
process  involves  only  modulo-2  arithmetic  operations. 


When  the  input  is  applied  to  the  encoder,  it  stores  h  blocks  of  k  digits;  as  each 
new  block  of  kQ  digits  is  accepted,  the  oldest  stored  block  of  kQ  digits  is  discarded. 
For  each  unique  set  of  hkD  digits,  nQ  encoded  digits  are  computed,  where 

no  >  kQ  (20) 

Thus,  the  encoding  process  can  be  considered  to  have  an  input  constraint  length 


Lj  =  hkQ  [21] 

and  an  output  constraint  length  of 

Lq  =  hnQ  [22] 

Hence  the  code  rate  R,  or  efficiency,  is  given  by 


hn. 


hk. 


no 


[23] 


where 


=  hn. 


[24  ] 


n  may  be  viewed  as  being  equivalent  to  the  codeword  length  of  a  block  code. 


Fig.  6(b)  gives  an  example  of  a  simple  convolutional  encoder  where  kQ  =  1 


and  nQ  =  2. 

For  this  implementation 

R  = 

=  0.5 

[25  ] 

no 

and 

n  =  hnQ 

=  4 

[26] 

h  =  2 


Ideally,  in  order  to  decode  a  convolutional  code,  all  the  received  digits  should  be 
processed  to  find  the  most  probable  sequence  of  transmitted  code  digits.  Certain 
procedures,  such  as  sequential  decoding  (Wozencraft  S,  Jacobs,  1965)  and  Viterbi  decoding 
(Viterbi,  1967),  have  been  developed  in  which  a  subset  of  the  received  digits  is  analysed 
at  any  time,  thus  making  them  computationally  efficient  in  comparison  with  the  exhaustive 
decoding  method.  The  loss  of  performance  using  these  sub-optimum  decoding  algorithms  can 
bo  made  practically  negligible. 


Convolutional  codes  have  been  applied  to  many  different  types  of  channels  since  they 
can  be  designed  to  control  many  different  forms  of  error  distribution.  They  have  perhaps 
been  most  widely  ■■'•od  in  SHF  satellite  communication  systems. 


1 .  3  Speech  Digit,  ...ion 


One  of  the  most  important  forms  of  communication  traffic  is  speech.  In  the  military 
context,  considerable  emphasis  is  placed  upon  the  protection  of  speech  transmissions  from 
unauthorised  interception;  therefore,  as  discussed  in  Section  1,  it  is  first  necessary  to 
digitise  the  speech  signals  before  they  can  be  effectively  encrypted. 

The  main  factors  influencing  the  choice  of  speech  digitisation  techniques  can  be 
summaris'-d  as  follows  (Darnell,  1984  ( b ) )  : 


(a)  The  nature  of  the  transmission  medium,  eg.  whether  a  wideband  or  narrowband  channel 
is  available. 

'hi  The  speech  quality  required;  eg.  whether  it  is  simply  necessary  for  the  speech  to  be 
intelligible,  or  whether  the  voice  quality  must  be  preserved  so  that  the  speaker  is 
also  recognisable. 

i  ■■ )  Whether  it  is  necessary  to  tandem  say  wideband  and  narrowband  systems,  eg  when  an  HF 
1  ink  firms  a  tail  tea  microwave  LOS  circuit. 

oh  whether  speakers  of  different  nationalities  are  required  to  use  the  system. 

'••i  The  user  environment;  eg  whether  the  speakers  are  situated  in  benign  office-type 
environments  or  whether  they  are  in  mobile  with  high  ambient  noise  levels. 

i  f i  The  requirements  for  signalling,  control  and  adaptation,  which  are  themselves 
determined  by  the  nature  of  the  propagation  path  variability. 

The  itta  )o  r  operational  advantage  of  speech  is  that  it  provides  a  direct 
iter  com  mu  n i fa t ion  system  interface,  with  no  requirement  for  message  preparation  via 
k eyhoa  rds,  etc.  Speech  digitisation  algorithms  can  be  classified  under  two  main 


'I  In 


head  1 ngs , 

(i)  wideband  systems 
and  (ii)  narrowband  systems. 

Each  of  these  will  now  be  discussed  in  moredetail. 

1.1.1  Wideband  Systems 

Wideband  speech  digitisation  techniques  are  used  in  situations  where  transmission 
bandwidth  is  plentiful,  typically  a  few  tens  of  kHz  per  speech  channel.  Thus, 
VHF  'JHF  SHF  1  i ne-of-sight  and  SHF  satellite  communication  systems  would  employ  this  form 
of  speech  digitisation. 

Wideband  systems  make  use  of  a  digitisation  process  which  is  termed  "waveform" 
encoding.  Fig.  1  (b)  shows  a  basic  waveform  encoding  scheme  in  which  the  speech 
waveform,  after  band-limiting,  is  subjected  to  direct  ana  1 ogue- 1 o-di g i t a  1  (A/D) 

conversion.  No  account  is  taken  of  the  fundamental  nature  of  the  speech  signal:  in 
principle,  the  input  to  the  waveform  encoder  could  be  any  arbitrary  waveform.  Hence, 
waveform  encoding  can  be  viewed  as  a  simple  A/D  conversion  process. 

The  most  important  practical  classes  of  speech  digitisation  algorithms  based  upon 
waveform  encoding  are, 

(i)  E’ulse-code  modulation  (PCM); 

'ii)  Delta  modulation  (DM). 

Trier-'  are  many  variants  on  the  basic  techniques,  but  generally  the  range  of  digitisation 
r  --s  achievable  for  a  single  speech  channel  with  such  techniques  is  from  approximately 
1  >, - 4  kbits- s  (Jayant,  1974). 

(.  i.z  Narrowband  Systems 

Narrowband  speech  digitisation  techniques  are  applicable  in  situations  where 
transmission  bandwidth  is  restricted,  as  on  HF  links,  to  a  maximum  of  a  few  kHz. 
Na r r -j wba nd  systems  depend  upon  a  principle  known  as  "parameter  encoding"  which  is 
i 1 1 j stratod  in  Fig.  7. 

Based  upon  a  knowledge  of  the  mechanisms  of  speech  production,  an  appropriate  model 
of  the  vocal  tract  and  its  associated  excitation  is  derived.  Typically,  this  model  would 
describe  the  main  vocal  tract  resonances  and  whether  the  excitation  corresponds  to  a 
vo i  -.'ii  or  unvoiced  sound.  For  a  voiced  sound,  the  excitation  comprises  a  regular  train 
of  pit.-h  pulses  at  the  pitch  frequency;  for  an  unvoiced  sound,  the  excitation  is  assumed 
•o  b< -  a  wideband,  "white  noise",  signal.  If  h(t>  is  the  unit  impulse  response  function 
of  the  vocal  tract,  then  the  speech  output  signal  is  given  by  the  convolutions 
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respect ively. 

I  t  i  s  found  that  the  vocal  tract  descriptive  parameters  and  excitation  type  tend  to 
vary  relat  ively  slowly  for  the  average  speaker  and  need  only  be  updated  at  about  20ms 
intervals.  Thus,  a  typical  narrowband  speech  encoder,  frequently  termed  a  "vocoder", 
would  transmit  sampled  values  of 

-  vocal  tract  parameters  ( h  <  t ) ) 

-  voiced  unvoiced  excitation  indication 

-  pitch  frequency  (for  voiced  excitation) 

-  amplitude  scaling 

i  ;  1  i  g  i  '  a  1  data  frames  every  20-25ms.  With  this  form  of  speech  encoding,  overall  data 

ra*  in  t  r  i  -  ■  rang”  1.2-2. 4  kbits/s  are  achievable,  representing  a  considerable  reduction 
i-i  •n.-np  a  r  i  son  with  waveform  encoded  systems.  However,  the  quality  of  speech  reproduction 
is  i  ;  so  r-'da'-'-l  considerably. 

t'h-  most-  import  mt  practical  forms  of  narrowband  coders  are  linear  predictive  coding 
Id--  d”vi””s  (Mark--:  *  Gray,  1976),  channel  vocoders  (Keily,  1970)  and  formant  vocoders 
.  Ho ;  :n--s,  19781.  Interest  is  also  developing  in  mid-band  encoders,  operating  in  the  bit 
r  |t  r  in  i"  of  about  6-16  kbits / s  (Sambur,  1982),  and  in  synthetic  speech  transmission 
"ii.- usd  1  ,  \  Chesmore,  1  98  4).  Mid-band  encoding  is  applicable  particularly  to 

. . .  "omm  in  i  cat  i  on  in  the  v/UHF  bands  where  currently  wideband  systems  are  used,  but 

•■or'  j  s  -on  ■;  i  d  “  rail  1  e  pressure  to  reduce  assigned  channel  gpacinqs.  Synthetic  speech 
>  nnvtu  s'lini,  in  which  the  data  rat-’  can  theoretically  be  reduced  to  a  few  tens  of 
:,i  t  ;  ,  is  potent  ial  I  y  appl  icable  to  the  VI.F'I.K  MF/HF  fr-’queney  bands. 
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3.4  Mu  1 1 i pi  e-Access  Techniques 

With  the  progressive  increase  in  the  number  of  users  in  all  bands  of  the  radio 
requency  specturm,  it  is  essential  that  the  available  frequency  resources  are  used  as 
efficiently  as  possible.  Multiple-access  techniques  can  contribute  to  greater  efficiency 
by  enabling  a  number  of  communication  circuits  to  make  use  of  a  single  propagation 
channel.  Three  basic  forms  of  multiple  access  procedure  are  available. 

(a)  time-division  multiple-access  ( TDM A ) ; 

(b)  frequency-division  multiple-access  ( FDM A ) ; 

(c)  code-division  multiple-access  (CDMA),  also  known  as 
spread-spectrum  multiple-access  (SSMA). 

M u 1 t i pi e-acces s  techniques  are  particularly  effective  when  a  number  of  "tail"  circuit 
from  different  users  concentrate  at  a  given  point  where  they  can  be  combined  and 
subsequently  transmitted  via  composite  modulation  of  a  single  carrier,  or  carriers; 
VLE/LF/MF/HF  broadcast  systems  are  examples  of  this  mode  of  operation.  SHF  satellite 
communication  systems  also  employ  multiple-access  techniques  to  enable  a  number  of 
circuits  to  access  a  single  transponder  simultaneously.  The  choice  of  multiple-access 
technique  is  again  influenced  by  the  nature  of  the  propagation  path.  T  DM  A ,  in  which 
different  time  slots  are  assigned  to  different  users,  is  inappropriate  in  situations 
where  the  propagation  path  exhibits  significant  time  dispersion  and  time-varying 
propagation  delays,  eg  at  HF,  because  of  the  difficulty  in  maintaining  system 
synchronisation. 

FDMA  is  widely  used  in  broadcast  systems,  with  different  frequency  sub-channels 
within  the  overall  transmision  bandwidth  being  assigned  to  different  users.  As  has  been 
mentioned  previously,  FDMA  in  conjunction  with  a  relatively  non-linear  satellite 
transponder  can  give  rise  to  high  levels  of  i  n  t  e  r  mod  ul  a  t  i  on ,  a  problem  which  does  not 
occur  with  CDMA.  The  primary  advantage  of  the  latter  is  that  it  provides  each  user  with 
a  high,  and  deterministic,  level  of  protection  against  interfering  signals. 

In  the  following  section,  attention  will  be  turned  to  the  topic  of  channel 
evaluation,  or  channel  modelling.  It  is  by  this  means  that  the  parameters  of  a  giver 
digital  transmission  can  be  adapted  optimally  fo  the  prevailing  propagation  path 
conditions. 


4.  CHANNEL  EVALUATION  TECHNIQUES 

Over  the  past  decade,  the  topic  of  channel  evaluation  has  received  considerable 
attention  and  has  been  the  subject  of  much  practical  experimentation  -  especially  in  the 
context  of  HF  communication  (Darnell,  1983). 

Clearly,  for  a  given  communication  channel,  if  it  is  possible  to  produce  completely 
accurate  and  reliable  predictions  of  channel  behaviour,  there  is  no  requirement  for  on¬ 
line  monitoring  of  the  state  of  the  propagation  path  since  no  uncertainty  exists.  Whilst 
the  cha racte r i s t ics  of  say  VLF  and  SHF  LOS  and  satellite  channels  can  be  predicted  with 
reasonable  accuracy,  other  channels,  notably  HF  and  various  V/UHF  mobile  paths,  exhibit 
wide  and,  to  some  extent,  unpredictable  variability.  It  is  for  these  latter  types  of 
paths  that  the  availability  of  channel  evaluation  techniques  can  greatly  enhance  the 
reliability  and  effectiveness  of  communication. 

Because  work  on  channel  evaluation  has  been  concentrated  in  the  HF  band,  the 
techniques  discussed  in  this  section  will  be  those  developed  primarily  to  support  HF 
systems.  However,  it  is  anticipated  that  they  will  potentially  be  applicable  to  a  much 
wider  range  of  communication  scenarios. 

A  basic  definition  of  real-time  channel  evaluation  (RTCE)  (CCIR,  1981)  is: 

"RTCF,  is  the  term  used  to  describe  the  processes  of  measuring  appropriate  parameters  of  a 
set  of  communication  channels  in  real-time  and  of  employing  the  data  thus  obtained  to 
describe  quantitatively  the  states  of  those  channels  and  hence  their  relative 
capabilities  for  passing  a  given  class,  or  classes,  of  communication  traffic." 

RTCF  techniques  operate  both  over  a  set  of  alternative  channels  and  over  sub-channels 
within  any  given  channel. 

t'ig.  8  is  a  schematic  diagram  of  a  generalised  RTCE  algorithm.  The  inputs  required 

a  r  *■ : 

(i)  propagation  information; 

<ii)  noise/interference  information; 

(11  i)  the  objectives  of  the  communication  system; 

(iv)  thecharacteristicsofthe  equipment  used  in  the  communication  system. 

Items  (i)  and  (ii)  above  are  obviously  essential  to  the  channel  selection  procedure. 
Item  (ill)  concerns  the  purpose  of  passing  information  over  a  particular  propagation 
path,  eg  whether  it  is  required  to  minimise  transmission  time,  maximise  data  integrity, 
etc.  The  capabilities  and  limitations  of  the  elements  of  the  communication  system  (Item 


I  i  v  t  )  also  i nf luonco  the  choice  of  channel,  eq.  ‘actors  such  as  .taxi  mum  available 
transmitter  power  and  antenna  directivity. 


Brief  consideration  will  now  he  i)iv>n  to  the  most  important  forms  of  RTCK  systems 
developed  to  date. 


4.1  Sounding  Techniqes 


One  convenient  method  of  measuring  the  time  dispersion  of  a  communication  channel  is 
to  evaluate  its  impulse  response  function;  this  is  the  basis  of  RTCE  systems  involving 
path  sounding.  Several  alternative  procedures  for  measuring  the  impulse  response  are 
available.  Concept i ona 1  1  y ,  the  simplest  is  to  inject  a  high-level,  short-duration, 
transmitted  pulse  into  the  channel  and  then  to  examine  the  corresponding  output  signal  at 
the  receiver.  If  the  transmitted  signal  is  x(t)  and  the  unit  impulse  response  function 
of  the  channel  hit),  then  the  received  signal  y(t>  is  given  by  the  convolution  integral 


y  ( t ) 


■  oo 
h  (  u )  x  ( t 


u )  du 
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where  u  is  a  time  variable.  Expression  (28!  assumes  that  the 
propagation  path  behaviour  is  linear. 

An  alternative  to  the  basic  pulse  sounding  scheme  involves  the  use  of  longer- 
duration  transmitted  signals,  modulated  by  digital  sequences  with  impulsive 
ui  t oeo r r el  a t i on  properties.  Various  forms  of  modulating  sequences  have  oeen  used  in 
practical  sounding  systems:  these  include  Barker  codes  (Barker,  1953),  Huffman  sequences 
(Coil  v  Storey,  1964)  and  complementary  sequences  (Darnell,  1975).  In  these  cases,  the 
i  inport  ant  relationship  is  that,  for  a  linear  system,  the  input-output  crosscorrelation 
fun  •'■ion  (ccf),  defined  by. 


_T/  2 

X,„('C>  =  1/T  /  x(t)  y  ( t  +  T)  dt 

y  y-T,/2 


[29  ] 


is  jiven  by  the  convolution  (Lee,  1960): 


Ay  (*)  =  /  h<u)  u>  du 

'S-  ao 

w !  i  ■  *  r  **  "t  and  u  are  time  variables,  T  is  the  correlation 
i  i  •  o  i  •  o  r  r  o  1  a  t i o  n  function  ( a  c  f  ) .  Thus,  if  the  input 
output  ■•of  will  be  proportional  to  the  channel  impulse 


[301 

period,  and  Ax*^  is  the  inPut 
acf  is  impulsive,  then  the  input- 
response  function,  i  e. 


/Xy(-C.)  oc  h  ('tl  131] 

The  important  advantage  of  the  modulated  sounding  technique  is  that  it  enables  lower 
power  transmitters  to  be  employed,  since  the  signal  energy  is  now  distributed  over  a 
longer  period  T.  A  similar  reduction  in  transmitter  power  required  is  also  achievable 
w  i  *  h  chirp  sounders  which  employ  long-duration,  low-level,  frequency  sweeps  and  spectrum 
anilysis  at  the  receiver  (Barry  &  Fenwick,  1965). 


In  HF  scenarios,  ionospheric  sounders  have  been  operated  in  vertical  incidence, 
r  ;  iqi;..  incidence  and  backseat. ter  modes.  Sounders,  in  general,  are  not  constrained  to 
•  >p.-r  it  ••  w  i  i- h  i  n  assigned  frequency  channels  since  their  short-duration  and/or  low-level 
;  ;  ina ,  if-  is  sumed  to  cause  negligible  interference  to  other  spectrum  users.  However, 

•  i  n  i  i  n  |  ‘••'•hniqavs  undoubtedly  do  cause  spectral  pollution  and  the  introduction  of  a 
.  1  fell  nq  ■■/-.!  •  •  r  to  lid  a  communication  link  can  also  increase  the  overall  system  cost 


■.  •  :  lowing  sort  ion,  RTCE  schemes  operating  over  a  limited  number  of  a  ss i o  red 

w  i  :  :  ■;.'■  i  i  ■  ■  • .  i  s  s  e  d .  These  clearly  will  not  have  the  same  spectral  occaru.  ■. 

i  i  i  ■■,  ,  landing  systems  and  arc  generally  much  cheaper  to  implement. 


i  ■  I":  '  r.t  ;r  ■;  i  :i  this  Mt  ■qnry  1  r  ■  ■  1  1  t  .  si  !>•  > !  o  w. 

i : ,  ■  .  ■  ■  t  :  i  •  ■  ■,  ‘  l  i  1  I  :  l  q  (  ’  H  Id  ’ ) 

■  ■  ,  i  <  i.  s  i  i  ■  i  ;y  ;  :  ■  mi.  d  ■  ■  ■■.  ■'  j  ; i  !  . ,  .  -  r  f,  1 1! ..■  e  H  F  c o  ir  iri  i  i.  i  .  -  a  •  i  o r,  i  ■  ■ ' 1  *i ■ 

:  :  ••  i  r  ;  *  ,  :■  r  i  ■  •  I  i  i  i  •  r  1  f  ‘  ir.d  ground  .  •  a  *  i  on  •• ,  with  eir.ph  is  :  on  the  ait  -  * 

•  ;  .  ; .  •  ■  i  ;  :  ’  i  •  i  i  ■ .  ■ ;  ■  ’  ■  d  a  ’if  -  :  ■  'll]  !i  a  :  i  !  ol  ]  I  11  I  1  i  1  n.  i  1  '1  i  11  •  •  a  ■  - 1  i  111: 

:  .  ■  . ;  ,  |  i  i  :i  t  ■  r  f  :■■•:■■  :  n  ■  ■  v  di  ■  i !  t  ,h  ■  •  chan  re  ■  1  r.  it  the  b  i  :  i 

i .  ;  •  ■  i ; ,  r .  ; . ;  ,  >  •  -  *  •  i  :i  ,u  i  >  r  ■  d  •  -  ■■  m : .  ht  v,  ‘  Ti :  ■  -  .lira  i !  t  ,  on  r  ■•.'•■  i  v  1  n  .  i  a  • ■ 
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4.2.2  Pilot  Tone  RTCE 


Pilot  tone  RTCE  (Betts  &  Darnell,  1975)  is  based  upon  measurement  of  the  phase 
variations  of  a  low-level  received  pilot  tone  inserted  at  an  appropriate  position  in  the 
channel  bandwidth.  Both  propagation  and  noise/interference  effects  can  cause  phase 
fluctuations  of  the  pilot  tone  and  it  has  been  found  empirically  that  these  fluctuations 
can  be  used  to  provide  a  reasonably  accurate  estimate  of  the  error  probability  for 
various  classes  of  data  transmissions  using  that  same  channel. 

4.2.3  RTCE  using  Error  Counting 

In  this  form  of  RTCE,  alternative  assigned  channels  are  simply  probed  with  a  short 
transmission  of  the  same  format  as  the  data  transmission  for  which  the  selected  channel 
is  to  be  used.  The  error  counts  for  each  of  the  channels  are  measured  and  the  channel 
with  the  lowest  count  selected  for  communication  purposes  (Darnell,  1978). 

4.3  RTCE  within  an  Assigned  Channel 

If  the  bandwidth  of  a  digital  transmission  is  somewhat  less  than  the  assigned 
channel  bandwidth,  then  there  is  scope  for  varying  the  position  of  the  data  transmission 
within  that  bandwidth  in  accordance  with  the  channel  state.  Additionally,  with  an  RTCE- 
i:ont rolled  system  involving  several  alternative  channels,  it  is  also  necessary  to  measure 
i  he  state  of  the  channel  carrying  the  traffic  at  any  time  so  that  a  channel  change  can  be 
initiated  if  the  error  rate  becomes  excessive.  There  are  several  methods  by  which  this 
"in-channel"  RTCE  can  be  achieved  eg. 

(a)  By  examining  soft-decision  parameters  from  a  modem  demodulator  and  employing  these 
as  a  measure  of  channel  state.  Phase  margins  in  a  DPSK  system  or  received  signal 
amplitudes  in  an  FSK  system  could  provide  this  type  of  data. 

(b)  By  counting  the  number  repeat  requests  per  unit  time  in  an  ARQ  transmission  system 
and  intitiating  a  channel  change  if  a  certain  threshold  value  is  exceeded. 

(c)  By  introducing  an  auxiliary  EDO  system  into  the  transmission  process,  solely  for  the 
purpose  of  measuring  channel  state.  As  with  (b),  the  number  of  errors  detected  in  a 
predetermined  interval  could  form  a  channel  quality  indicator  (Darnell,  1983).  This 

technique  is  potentially  useful  with  encrypted  data  transmission  systems. 

4.4  General  Comments 

Some  of  the  RTCE  techniques  discussed  previously  incorporate  measurement  of 
noise/ interference  implicitly.  In  the  HF  environment,  especially,  it  is  vital  that 
realistic  account  is  taken  of  the  effects  of  man-made,  co-channel  interference  and  that 
reasonable  statistical  models  are  available  for  system  design  purposes  (Darnell,  1984 
(  a  )  )  . 


The  major  advantage  accuring  from  the  use  of  channel  evaluation  in  a  communication 
system  is  that  it  provides  a  basis  for  improved  control  and  adaptive  operation.  To  use 
an  analogy  taken  from  the  automatic  control  discipline:  a  system  cannot  be  controlled 
optimally  until  its  parameters  have  been  identified  (measured);  RTCE  provides  the  means 
of  identification  of  the  parameters  of  a  propagation  path  which  subsequently  enables  a 
communication  system  using  that  path  to  be  controlled  more  effectively. 


5.  CONCLUDING  REMARKS 

In  this  review  paper,  an  attempt  has  been  made  to  survey  the  range  of  transmission 
and  ''h-rnnol  evaluation  techniques  applicable  to  digital  communication  in  the  various 
binds  of  the  radio  frequency  spectrum.  For  further  reading,  a  set  of  important  basic 
r>*f rences  has  been  provided. 

The  future  development  of  digital  communication  systems  will  inevitably  make  greater 
•)«»>  of  adaptive  operation  in  response  to  changes  in  path  parameters.  Effective 
idaptation  and  control  requires  the  availability  of  an  accurate  and  reliable  model  of  the 
pr  >p>  qation  environment,  obtained  ideally  by  sophisticated  off-line  prediction.  In  many 
■asos,  however,  this  will  never  be  achievable  and  channel  evaluation  techniques  will  be 
r-']  aired  to  fir  o  vide  such  a  model.  Thus,  the  interaction  of  digital  transmission 

. .  pies  mi  channel  evaluation  procedures  is  vital  to  the  successful  development  of 

liupriv  communication  systems  for  operation  in  conditions  where  path  parameters  are 
■  h  -i  n  1 1  n  a  rapidly  w  i  t  h  t  i  me. 
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rr  .u:>  >  ru 
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1,2  >. 

1,3  '  1 

_ _ _ i 

0 , 9 

i  -  ■  b  s 

9 , 7  A 

6,5  ■. 

16,2  r. 

_4  :  I'a  .ix  do  ;.>er t  o  do  synchrunis.it  ion  n:oven 


par  ondes  ionosphcr  iques ,  assoc  ient  la  technique?  d*etalcment  do 
•hr:  l  ;;cs  do  codaqe ,  permettant  d* assuror  ainsi  uric  protection  centre  les 
l  ovIocUfs  et  centre  les  distorsions  intersymholes . 

i:.  ■  r  Lir.cn  taux  ont  ete  effectues  sur  un  prototype  repondant  aux  normes 


;  r. r>  :  *  ru1  d'essais  a  6 td  effcctuee  on  simulation  de  fagon  a  caractdriser 
Ks  ::ni.u':.j:;.vs  mod. -it.  dans  dcs  conditions  do  propagation  ot  de  brouillage  parfaite- 

nien t  ..id !’  i  n  lo  s  . 


Lms  uno  seconde  sdrio  d'essais  ef  foctudo  sur  une  liaison  rdelle ,  une  comparaison 
a  dtd  fnite  pour  dcs  di-bits  d ' information  identiques  entre  le  comportement  du  modem  et 
■elui  U' un  modem  n'utilisant  pas  de  codaqe.  La  variabilitd  des  conditions  de  propaga- 
t i.m  ot  de  brouillaqc  ne  nermot  que  d'cffectuer  des  me sure s  comparatives  qui  mettent  en 
evidence  le  gain  upper to  par  le  codaqe. 

1. 1  enseir! >  1  e  des  rdsultuts  nontre  que  cette  technique  apporte  un  gain  notable  par 
:  import,  aux  :>r-'>cddds  .  1  tssiques,  ot  est  bien  adaptde  aux  liaisons  par  ondes  ddcamdtri- 
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Modom  a  codes  pscudo-ort hodonaux 

3,8  10-3 

7  1  tj  -  3 

V .  vS  .  K  .  a  7  7  b,  s 

3,2  10“" 

2  10~2 

1'AULFAL'  2  :  Taux  d'erreur  moyen  a  long  toriae  (mesure  pendant  9b  da  totr.ps ) 


:,,i  mesure  du  taux  d'erreur  moyen  a  court  terme  est  effectuee  sur  20  messages  consecu- 
• i : ri.  I,e s  resultats  sont  presontes  sur  la  figure  9,  en  ce  qui  concerne  les  mesures  real i- 
•  jour  et  sur  la  figure  10  pour  les  mesures  de  nuit.  Chaque  point  sur  ces  qraphes 
p  issade  une  abscisse  representant  le  taux  d'erreur  moyen  associe  au  modem  a  codes  pseudo- 
>rf hogonuux  mesure  sur  une  periode  de  5  minutes  et  une  ordonnde  representant  le  taux 
i'erreur  moyen  associe  au  modem  F.S.K.  a  75  b/s  pendant  les  5  minutes  suivant.es. 

Sur  ces  figures,  une  zone  se  distingue  part icu 1 ierement  par  la  forte  density  de  point 
s'y  rat tachant .  Cette  zone  correspond  a  1 'ensemble  des  mesures  ou  le  modem  a  codes  pseudo- 
•  rt  *.t  tn.iux  no  fait  pas  d'erreur,  alors  quo  pour  la  memo  tranche  de  temps,  le  modem  F.S.K. 
p  aside  an  taux  d’erreur  moyen  non  nul  et  parfois  memo  tres  eleve,  allant  jusqu'a  20  . 

/.me  est  representative  de  50  t  des  essais  effectues  le  jour  et  de  SO  des  essais 
i  nui t . 

.  .  Mysore.-,  effectuees  au  niveau  de  chaque  message 


‘  tax  le  succes  representant  le  pourcontaue  de  messages  regus  sans  erreur,  est  in¬ 
ly  tableau  3,  Ce  tableau  indique  nettomont  1’ aptitude  du  modem  a  codes  pseudo- 
.i  i  ivrer  des  messages  sans  orreurs,  malgre  une  puissance  d 'emission  faible 
a  j-'  Kitts).  [1  est  interossant  do  remarquer  les  variations  des  taux  de  succes 
i  1  '.i.:tr<*,  n  it.nmont  la  nuit  ou  1 '  uti  lisation  du  code  permet  de  passer  de  62  '4 


Jour  +  Nuit 

Jour 

Nuit 

' do:;,  a  •  ides  psi  utlo-or thogonaux 

91  t 

88,7  4 

9  5,7  1 

M.  :•.!*  a  7  7  b/s 

6  9,54 

7  3  4 

62,6  t 

:  \si,F At  3  :  taux  de  succes  moyen 


:  :i  moyen  s upp lement at  re  permottant  de  comparer  les  performances  en  taux  de  succes  des 
1“  •yr-ms  ie  modem,  consist*.'  a  se  placer  a  un  taux  de  succes  donne  du  modem  a  codes  pseudo 
*r*  ;.••  r  .r.  i  *x  "t  do  de t o mine r  quel  a  et.e  le  taux  de  succes  associe  du  modem  F.S.K.  pour  les 

■  .  /.  i  :  Feu:;  d  ms  les  monies  conditions .  Ceci  permet  de  bdtir  des  histogrammes  tels  que 

r  op  ■  rent  ■  ■  s  f  mures  1  1  et  12.  Par  exemple,  en  ce  qui  concerne  les  essais  effectues  le 

roar,  :  >r.;q.ie  1"  t  iux  de  succes  du  modem  a  codes  pseudo-or thogonaux  est  compris  entre  90  i 
1  •••'  (ce  pit  se  produit  pendant  67  du  temps),  la  probability  quo  le  taux  de  succes 
la  mode:  K .  sail  ,iuss  i  compris  entre  90  %  et  100  i  est  sou  lenient  egale  i  25  i,  cette 

.a'  ibi  1  t  ie  p  isse  a  JC  pour  un  taux  de  succes  du  modem  F.S.K.  inforieur  d  60  a.  En  ce 

;ui  -  co-erne  les  essais  effectues  durunt  la  nuit,  cette  tendance  est  nettemont  plus  accon- 

1  a  ■,  ■  ■  r :  ef  f.g  ,  pour  un  taux  de  succes  du  modem  d  codes  pseudo -or thogonaux  compris  entre 
A  ef  1  un  (:■••  qui  se  produit  pendant  88  a  du  temps),  la  probability  quo  le  taux  do  suc- 

■  a,  lu  idem  F.F.K.  :soit  compris  aussi  entre  90  '»  et  100  %  tombe  a  15  % ,  cette  piobabi  1 1  til 

,  is  nr.*  i  -1"  pour  in  t  iux  de  succes  du  modem  F.S.K.  inferieur  a  60  .  Ces  cons  iderat  tons 

•>.•*  t.'T.*  "M  •••■•id  •••nee  1  ’off  ic.icito  du  cod  a  go  qui  permet  d’obtenir  un  taux  de  succes  compris 

.■'I  r*  •  ’}(  ••;.  I  s')  ,  r-ec  une  forte  probabi  1  i  ty  de  1  '  ordre  de  80  •. ,  alors  que  !  'on  obtiont 

i  :  :  i one  ch  inee  sur  quatro  d'obtenir  les  memos  performances  pour  un  systeme  de  t  r.ins- 
t  >•.  :v  c:  mode  u  debit  d  '  in  format  ion  oquivilont. 

1  iux  .!■  r •  s  ;  •  -  de  uvnei'.r on  i  sat  i  m 


be  >  i  ;x  de  perfe  de  ,-.y  nch  ro  n  isat  i  on  ,  n/prosontunf  1  <_•  pourcen*  ago  de  messages  reyu;. 

!  '  ir.  ‘  iux  d'erreur  uupe  r  i  uur  a  .10  ,  est  roprC'Sc  nt  duns  )e  tableau  4.  G-s  resai- 

i  r .  1  i  jU'Cit  rue  '.>■  f  iux  :i‘  perfe  de  sy  neuron  t  s  u  1 1  m  du  modem  a  sides  i  iso  utls-e  r  t  It  uionu  ux 
:  1  s  ilyn/Tit  Is  !ois  plus  f  •  obi'.  quo  celui  issocic  ri  .modem  I  .  J .  Y .  (pass  ise  de  1  a 
l.  d  i  f !  e  ren  ■'.•*'  met  or.  p|.  .nee  ]•  iptitude  du  nod'  si  i  code  a  rCsisloi  j  des  cendi- 

.,  )•  pr  ipag  it  l  ut  r-.-.  Fn  part  icu  lier,  lor;;  de  l.i  periode  du  ef  du  s  la  1  ,  ,e  tuu 

:tl  i  s  ,  -  pour  1 .  id  -  -m  a  c  uies  ,  .  i  or  s  1  u. '  i  1  '  ■  s  t  de  St  r  si  by  mm  sit  i  . .  K .  .  Ce 

periode,  tou*e  i  ■  lmmun  l  ca  t  is;  •  .  '  i  mooss  i  ! ;  I  a'".-  un 


>  r  t 


ir  1 


T T  T"~r '  ■  1 1 ■  T*T"  ■.  V  t ■  i  if< w  «  '  •  ."i1  * r.  .■  '  .■ 


: 1  .i  lea.-;  u  ,  lost  id  at  inn  vl 1  i’.n  message  totulement  errond,  se  pruduit  essont  iel  lenient 
.  ,ms  da  in'  t  1  1  ago  par  uru.’  emission  do  rad  i  od  i  f  ! us  ion  .  Co  type  d'aldus  est  pj  us  grave 
ore  r.  lino  do:;  orroars  ni.port  antes  qu  i  uppar  a  i  ssen  t.  oKiironent  dans  les  rr'sultats. 


NI.  LiAiSuM  iddd.Id: 


'  a’; d.  i  t  o  r ; : ;  d  ’  o >::.o  r  l  ::;o  n  t  a  t  ion 


.  no  experiment  itioti  a  otd  effectueo  sur  uno  liaison  radio-c lectr ique  dans  la  gamine  Hi’, 
a  sue  distance  do  jus  Km,  o£;  les  tra jets  multiples  sont  impor tants .  Los  essais  se  sont 
do real  os  c!u  '  Jain  au  lor  Jui  1  lot  1’>8  3  avoe  un  emetteur  do  puissance  25  Watts  et  des 
mtonnos  do  typo  fount  vortical  do  10  m  a  1’ emission  ot  a  la  reception.  Les  frequences 
utilisoes  lors  dc  cos  essais  ont  etc  determinees  a  l1 aide  des  previsions  de  propagation 
etabli.es  par  lo  C.N.E.T.,  et  dtaiont  comprises  entre  4  et  6  MHz.  La  distance  emission/ 
reception  etant  d'environ  500  Km,  il  est  necessaire  de  rayonner  au  voisinage  du  zenith,  or 
comp to  tenu  du  dinar ammo  de  rayonnement  d  *  uno  antenne  verticale,  il  y  a  attenuation  de  la 
puissance  ertxse  dans  cot  to  direction.  Cos  monies  provisions  montrent  quo ,  on  fonction  des 
frequences  retenues,  1 'estimation  des  angles  d'clevation  du  parcours  radio-c lectr ique  est 
voisine  de  70°.  Sous  cette  elevation,  les  fouets  presentent  uno  attenuation  de  l'ordre  do 
10  dB  pa l  rapport  a  uno  antenne  omnidiroctionnello ,  reduisant  la  puissance  6mj.se  utile  a 
2,5  Watts.  Cette  attenuation  cl"  10  do  affecte  egalement  le  siqnal  regu  reduisant  ainsi  le 
rapport  signal  a  bruit  a  la  prise  de  decision. 

Mi  ■  t  hodo  s  d  '  an  a  1  yso 

.•'a chant  qu'i!  est  difficile  de  preciser  de  facon  absolue  les  parametres  de  la  liaison, 
t.f  tenu  de  lour  grande  variability,  une  experimentation  du  type  comparatif  a  etc  rote- 
n.  .  !,*■  but  a  etc  de  comparer,  6  debit  d'  information  equivalent,  un  modem  utilisant  les 
cades  pseudo-orthogonaux  ot  un  modem  classiquc  n1 utilisant  pas  de  codage .  Le  modem  classi- 
p.ie  choisi , correspond  a  un  modem  type  "SEMATRANS”,  conforme  aux  recommandations  publiees 
par  le  C . C . I . T . T .  ,  tome  VIII  du  livre  blanc  (avis  V21  et  V24). 

Les  curable r i st iques  principales  de  ce  modem  sont  les  suivantes  :  mode  asynchrone, 
debit  binaire  egal  i  75  b/s,  modulation  bivalente  de  frequence  obtenue  par  dbplacement  de 
frequence  (F.S.K.  1080  *  100  Hz).  L'autre  modem  correspond  au  modem  a  codes  pseudo-orthogo- 
n.r.ix,  precedemraent  ddcrit,  le  debit  d '  information  etant  egal  il  237  b/s.  La  procedure  de 
runet it  ion  uvant  etc  retenuc,  le  debit  d' information  rdel  est  alors  divise  par  trois,  soit 
7  • .  ‘  b  ,■  s  . 

I’our  quo  les  deux  equipements  soient  testes  sur  des  conditions  bquivalentes  de  propa- 
gut.ion,  un  mul tip  1  exage  a  etc  etabli  permettant  el'dmettre  pendant  5  minutes  sur  un  type  de 
modem,  puis  les  5  minutes  suivantes  sur  l'autre  type,  etc...  Le  nombre  d’erreurs  etait 
me sure  sur  cheque  bloc  elementaire  de  256  elements  binaires  restitues,  c ' est-ci-dire  au 
niveau  tie  cheque  message.  Ces  mesures  elementaires  ont  per mis  de  determiner  le  taux  de 
succes  correspondant  au  pourcentago  de  messages  regus,  sans  erreur,  et  le  taux  de  perte  de 
synchronisation  correspondant  au  pourcentage  de  messages  regus,  ayant  un  taux  d' erreur 
super  lour  a  30  *. .  Lo  taux  d  'erreur  moyen  a  dte  calcule  pour  les  deux  systemes,  en  effec- 
tuant  une  moyenne  sur  1 'ensemble  dc  la  durce  dc  1 'experimentation  des  taux  d'erreur  ele¬ 
ment.  ai ros .  dependant,  la  mosure  de  In  moyenne  ne  roflete  pas  suffisamnent  les  perfor- 
mances  d ' un  systeme  car  olle  englobe  de  trop  nombreux  phdnomenes .  Pour  cette  raison,  il 
est  fourni  les  statistiques  sur  le  taux  d'erreur  moyen  mesurd  i  court  terme ,  c ‘est-4-dire 
sur  des  tranches  de  temps  de  5  minutes. 

5.  5  Re  sul tats 


I’our  chacjue  type  de  modem,  20  messages  de  256  elements  binaires  chacun  ont  etc  dmis 
par  tranche  de  5  minutes,  soit  5120  elements  binaires  (1  seule  erreur  mesurde  pendant  cette 
pJriodo  correspond  done  i  un  taux  d'erreur  dc  2  10~1)  .  Sur  l'ensemblc  dc  la  durde  de  l'cx- 
pdriment.it  ion  5000  messages  ont  etc  transmis  de  jour,  ot  2000  messages  de  nuit  pour  les 
deux  systemes  de  comparaison . 

5 .  5.1  I. tux  d'erreur  moyen  mesurd  a  long  terme  et  a  court  terme 


Lend.  rmf-i 


Le  taux  d’erreur  m  yn  mesurd  sur  la  durde  globale  dc  1 1  experimentation  a  une  siqnifi- 

■  i •  t  n  isseg  imprecise,  if  ,  compt  e  tenu  de  la  nature  du  canal  HE,  caractcrisd  par  de  brus- 
:  c  var  i  it  ions  du  rap;;  >rt  signal  a  bruit  ,  i  1  reprdsente  en  fait  la  moyenne  des  taux 

i  1 er  !’•’■;  r  bs  plus  forts.  lour  cette  raison,  la  moyenne  calculde  porte  sur  98  du  tent].';;, 

5  pc.r  les,  ueux  systdr-os  1  des  essais  les  plus  mauvais  et  1  %  des  essais  les  mo  i  Hours 
-nt  >' to  supprir.  s.  rd’sul  tats  sont  presentes  clans  le  tableau  2.  Ce  tableau  fait  apparai- 

‘.  t  ■  un  t  un  de  1  ’-.rdre  de  1 n  sur  la  mosure  du  taux  d'erreur  moyen  en  favour  du  modem  6 

■  ’des  psc'ido-nrt.::' K.-in.uix  par  rapport  au  modem  classiqui  type  F.S.K.  (passage  de  3  10“^  a 

5  I  --’),  be  plus,  be;  performances  do  co  dernier  sc  d  gradent  notablomont  la  nuit  (5  10-2)  , 
seci.  •tint  lit  aux  conditions  do  propagation  ott  dc  nombreux  evnnoui  ssoments  apparai  ssont  ,  en 
par*  i’.-ul  ier  aux  period";;  correspondant  aux  bourns  do  lever  du  soloi  l.  I, 'analyse  u  1 1 dr ieure 
les  t.  tux  de  perte  do  synchron  i.sat  ion  dclairera  ce  phenomeno . 


1 

*;i 

-4 

4 


4 


J  f a u srfos  a  1  a r me s  sue c essi vo i 


avec  k  E 


{'•  3'  <1 


Cis  10  :  3  fuusses  alarmes  successives 


{’-  2-  3-  ■»} 


la: s  resultats  obtenus  sont  consignes  dans  le  tableau  1  ou  le  rapport  signal/bruit  est 
.>nr.o  pour  la  bande  passante  du  recepteur  adapte  au  debit  binaire  de  18  00  Bauds.  Chaque  cas 
mm--  o  on  moyenne  4800  seaueneos  do  230  .bits,  soit  1200000  bits. 


Propagation  Taux  d'erreur 


Type  de 
brouillage 

Nombre  de 
sequences 
de  256  bits 

4485 

4430 

4922 

Bruit 

4320 

blanc 

4594 

3883 

4539 

4594 

Bruit 

4539 

atmos- 

pherique 

4922 

4594 

monotrajet  :  1 
bitrajet  :  2 


Radio 

ddbjsion 


a)  (resultats  d'ensemble  des  aleas) 

b)  (probability  d'apparition  des  aleas} 


195  196  3  1 

2.2  10'3  2,2  10  3  3,5  10  s  1,2  10  s 


i  .sw.uMUon 

o  :v >mbre  do  fois  ou  le  type 
,  Les  types  1  -  2  -  4  -  10  no 


:•  ■  •  !  i  1  iuuro  S  ou  1  'on  a  fait 

•iliter  la  lecture  du  arnpho  ,  on  a 
yp*'  «!«■  propagation,  par  un  trait 


lu  modem  a ’.ix  brouillaqes.  Le  modem 
ions  d<‘  r  nliufii  ffusjon,  ma  i  s  asscz 
• : ; :  i : ;  •  - 1  ■  i  t:;r,  ::u  i  sque  los  t  ..VUX  (I'criUHir 
•  r 1 .  i  t  infer  ie  u  r  s  -3  0  d  B  . 

.  up}  >a r a  i  sson  t  .  Le  type  d  *  a  1 6 a s  7 
jenard  .  11  so  produit  essen t  1  c  1  loment 

■  pi  it  ion  bit  r.'liet.  Bar  cont  re  ,  le 


in  hr. lit  at  mosphdr  ique  cupto  par  lc  roeoptour 
r.  bt'oui  •  lour  const  i  t  uo  d'un  dmet  ti'ur  moduli  on  A! 
in  ■  Inc  1 1  car  do  rad  iod  i  f  f  us i  on  . 

experimentations  ont  etc  fait  os  pour  plusieurs  valours  du  rapport  signal /bru i t  , 

•;  :»  a  conduit  J  un  total  do  18  enregistroinents ,  roprdsontant  2  10  heuros  d 1 expdr imont a- 

i.  i  transmission  a  etc  offectude  selon  lc  mode  decrit  dans  lo  paragraphe  precedent, 
r  ! ’emission  d'un  memo  message  repete  deux  fois  a  des  interval les  de  temps  aleatoire.  A 
aii'.i'.1  ig  lend'  omise,  lc  rcccpteur  doit  done  analyser  le  preambule  et  realiser  sa  synchro 
U  Lon . 

)  Analyse  des  resultats 


hour  faci  liter  1 'analyse  des  resultats,  on  a  choisi  d'emettre  de  fagon  periodique 
are  sequences  d ' information  connues  de  250  bits,  pro  levees  dans  une  suite  pseudo-alea- 

i  re . 


Les  resultats,  analyses  par  ordinateur ,  ont  fait  apparaitre  les  taux  d'erreur  et  les 
pes  de  non  detection  et  de  fausse  alarme  rencontres.  Pour  ces  dernicres  mesures  on  a 
.mind  les  sequences  success  ivos  rogues,  et  on  a  distingue  les  10  cas  suivants  : 

2  is  1  :  Reception  corroete  ;  la  sequence  i  +  1  suit  la  sequence  : 


l  i  +  1 


Las  2  :  Non  detection  de  la  sequence  i  »  1  : 


i  + 


2 


las  .1  :  Non  detection  des  sequences  i  +  1  et  i  +  2  : 


i  i  +  3 


las  4  :  Non  detection  des  sequences  i+1,i+2,i+3: 


i  i  +  4 


las  5  :  Fausse  alarme  :  une  sequence  parasite  A  s'introduit  dans  les  sequences  d' infor¬ 

mal  ton 


i 

A 

i.  i  1 

is  b  :  Fans so  alarme  :  unc  s 6 

i  +  1  , 

i 

A 

i  ♦  2 

»:■;  7  :  Fat. 

is so  alarme  prealabl 

ill 

i  *  1 

et  i  +  1  provoque  la  reception  double  de  la  sequence 

i  +  1 


alarme  et  non  detect  ion 


3e-t 


-  Ddcodeur 


-  Gestion 

-  Interface  restitution  do  donndes. 

L 1  interface  recepteur  est  compose  de  circuits  d ' adaptation  d<;  niveaux  et  d ' impedance . 

La  demodulation  du  signal  re?u  est  faite  de  fagon  quas i -cohdrente  sur  deux  voies  en  qua¬ 
drature.  La  detection  du  preambule  est  effective  par  correlation  des  signaux  issus  des  2 
voies  avec  la  copie  locale  de  la  sequence  de  synchronisation.  Les  correlations  sur  les  2 
voies  sont  ajoutdes  quadrat iquement  et  eomparees  i  un  seuil  function  de  la  valour  rnoyenne 
du  signal  redressd .  Les  signaux  ddmodules  sont  echant i 1 lonnds  i  un  rythme  eqal  i  4  fois  la 
vitesse  de  modulation,  il  en  resulte  une  degradation  maximale  de  la  correlation  par  rapport 
un  echantillonnage  synchrone  de  1,2  du .  Une  fois  le  seuil  franchi,  1 'analyse  de  la  fonc- 
tion  correlation  preambule  se  poursuit  dans  une  fenetre,  de  fagon  h  se  synchroniser  sur  le 
trajet  d'amplitude  principale.  En  effet,  en  cas  do  propagation  par  trajets  multiples,  l'or- 
gane  de  gestion  choisit  celui  correspond, <nt  au  niveau  le  plus  for t,  et  per met  ainsi  la 
synchronisation  du  recepteur. 

Ensuite,  chaquo  vecteur  est  extrait  de  la  trame  et  est  demoduld  par  calcul  des  32 
modules  de  correlation  assocics  aux  32  vec tours  de  code  possibles.  Le  vecteur  presume  6m is 
est  celui  correspondant  au  module  de  correlation  le  plus  clove .  La  poursuite  du  trajet 
d'amplitude  maximale  s'effectue  en  permanence,  pour  tenir  compte  des  variations  des  condi¬ 
tions  de  propagation,  en  utilisant  les  proprietes  de  correlation  des  codes  pseudo-orthogo- 
naux.  Le  message  dlementaire  etant  emis  trois  fois,  Sexploitation  des  repetitions  est  faite 
par  le  module  de  gestion  en  utilisant,  d'une  part  les  rdsultats  du  codage  detecteur  d'er- 
reurs  (decode  selon  des  procedes  classiques),  et  d'autre  part  les  resultats  des  correlations. 
Les  regies  de  decision  sont  les  suivantes  :  si  un  message  satisfait  les  relations  imposdes 
par  le  codage  detecteur  d'erreurs,  il  est  considere  come  juste,  si  jucun  des  messages  ne 
satisfait  ces  relations  parmi  les  trois  regus  la  decision  est  prise  par  une  technique  de 
vote  majoritaire  pondere  (cette  technique  s‘ applique  egalement  dans  le  cas  oil  un  certain 
nombre  de  messages  ne  sont  pas  regus). 

Le  syst6me  de  gestion  realise  plusieurs  fonctions,  en  particulier  1 ' exploitation  des 
informations  er  provenance  de  la  d6tection  de  preambule  (pour  effectuer  la  prise  de  decision 
de  presence  de  message)  ,  la  poursuite  du  trajet  d'amplitude  maximale  (grace  aux  informa¬ 
tions  fournies  par  le  decodeur),  la  decision  sur  la  nature  du  vecteur  emis  par  l'analyse  des 
fonctions  de  correlation  et  le  traitement  des  rdpdtitions.  De  plus,  ce  systfeme  de  gestion 
assure  egalement  un  role  de  supervision  de  la  liaison,  par  le  contrdle  de  qualitd  du  signal 
regu,  A  1'aide  d'une  information  representative  de  la  marge  de  decision  associee  £  chaque 
vecteur  demodule.  L1 interface  de  donnees  vers  1 ' utilisateur  est  conforme  aux  avis  V24  et  V28 
du  C.C.I.T.T.  Le  message  de  32  octets  est  restitue  sous  forme  serie,  en  mode  synchrone. 

4 .  EXPERIMENTATION  SUR  SIMULATEUR 


L ' experimentation  menee  sur  simulateur  a  ete  effectuee  pour  obtenir  des  mesures  abso- 
lues,  les  conditions  de  propagation  et  les  conditions  de  brouillage  pouvant  <§tre  choisies 
par  l'operateur  et  maintenues  constantes. 

4 . 1  Dispositif  experimental 

Le  sy^teme  de  mesure  utilise  est  repr6sent6  sur  la  figure  7.  Il  comporte  : 

-  r.e  modem  a  codes  pseudo-orthogonaux  V ( 3 1 , 5 )  decrit  dans  le  paragraphe  precedent 

-  Un  simulateur  de  canal  ionospher ique  permettant  de  simuler  un  maximum  de  4  trajets  pour 
losqaels  l'operateur  regie  separement  le  decalage  temporel,  1 'amplitude  et  1 'effet  Doppler 
de  chaque  trajet.  Unc  entree  permet  d'ajouter  un  signal  perturbateur  representant  un 
brouillage  ,/ou  un  bruit.  Pour  les  essais  effectues,  on  a  introduit,  soit  un  bruit  blanc, 
so  it  un  signal  parasite  capte  par  un  recepteur  muni  d'un  controle  automat ique  de  gain, 
permettant  de  main tenir  un  niveau  constant  du  signal  perturbateur. 

-  'n  enre-u  at  roir  rragnetique  numertque  sur  loquel  sont  enregistres  les  resultats  traites 
ensuite  u  ir  ur  hniteur. 


4  .  Gcnd  1 1  g  ins  i '  oxud  r  !  r.en.t  at  i  on 


n  i  r. i  condi  t.  ions  d  ' exr;6r  ineniat  ion  <>t  frant  un  6chunt  i  1  lonnage  signi  f  icatif 

i  s  or.  Sit  i  in :  ,i>'  pr  ,pa  ;at  ion  o'  de  brouillage. 

i  er  1  i  prop  ig.it  ion  m  a  rotenu  : 

-  :i“  pro;  i  ration  ranut  r  i  jni 

-  :'n<-  propaga  t  l  ■  -a  a  deg:-:  trajets  I’-'g.i],  jr.pl  itoide,  qgi  ■■•nstilue  ]e  eas  )«•  plus  p6nalisant. 

■n  a  it  i  ri  bud  un  off  et  Doppler  de  »  0,  J  Us  et  -  A ,  7  Hz  mx  t.raj('ts,  et  un  coart  do  temps 
do  propagat  ion  z i  1,t,  i  nr.. 

:.n  ce  par  concr-rne  brouillate  ■  ‘ri  i  :  •  •  •  ■  •  n  j  ;-D'  signal  : 


:  n  bruit  hi  mo 


ih:sl';<  i  i'T  lob 


m  ■dkm 


ii:.;  rui-: 


{KTIIi 


.'NAI-v 


L.ii'  i.-t  t'-r  i  :;t  i  jiu't-i  ii-m- r.  1 1  i-s 


Les  voiles  psosiio-or  t  fKjqonaax  V  (  >  I  ,  I  <mt  i-te  ivtumio  pour  riMl  imit  ur  modem  ciestim 
i  ti  t  p.  x,  nu  ■  i  t.  ix  ■  sir  ean.il  lit  des  rvr.i.iqi';;  rorni.it  es  ,  ilont  lo  bloc  .in  i  t:  ■  1 1  re  r  fiiijirmii  32  oct'-fs. 
!,c  debit  bin. lire,  compte  Lenu  lies  contr.untrs  imposed:  par  1  e  systi-rxe,  est  ile  2.17  !■ 

L-  natiriil  realist-  est  compatible  Jos  canaux  dt  >  k  H ::  hi.- Ion  lea  re-command. itions  du 
e'.i'.l.:-.  l.a  transmission  s'o!  fecLuc  on  BLU  eL  1  1  inter  face'  i-ntn  1  1  tn.et  ta.-ur  ct  le  riVeptour 
est:  faiti  on  audio-  f  roquonci’  (bands  300-3000  Hz),  ve  qui  per  met  d'utiliser  an  -irand  nombri 
a  1  emr-t  t  ears  reoeptours  ac  t  ue 1  lenient  d  i  spon  ib les  . 

La  procedure  dc  transmission  adoptee  correspond  a  ane  transmission  d  i  to  par  paquet. 
Chaque  paquet  est  constitue  do-  vecteurs  do  codes,  cor  re  spondan  t  a  une  quantity  d' informa¬ 
tion  egule  a  3d  octets,  tin  vue  d'etablir  une  liaison  do  haute  qualite,  1 ' in  format  ion  est 
-'rise  tri.-is  tens  de  fagon  a  pouvoir  of fectuer  un  docodage  niajoritaire  sur  les  messages  regus 
.'•■s  phene:  .'-nes  provoquant  les  erreurs  on  III',  e  t  an  t  correles  en  frequence  et  en  os  pace ,  inais 
pas  -ti  te;v.;-/S,  une  procedure  utilisant  les  proprietes  de  correlation  des  codes  pseudo-ortho- 
•  u  -n-itix ,  .isis-xdiV'  a  une  diversity  temporolle,  offre  de  nombreux  avantaqes  en  1IF. 

i.es  codes  re ton us  sent  les  codes  (31,0)  comprenunt  32  vecteurs  de  longueur  31  et  por- 
■  ant  "  -  I-  mi  nts  binaires  d'  information.  Cos  codes  sont  nombreux  ct  leur  c'noix  provient  du 
fa i *  :1s  real isent  un  bon  compromis  entre  les  performances  qui  croissent  commc  le  loga¬ 

rithms  de  la  quant  ite  de  bit  d'  information  transmis,  et  la  complexity  de  demodulation  qui 
i  ru-a-nt-.-  i-omm.e  le  produit  de  la  ta i  1  le  des  codes  par  la  lonquour  des  vecteurs. 

> .  .■  Moca  i  i  tear 

be  mod.:  1  ut.eur ,  don  t  un  bloc  diagramme  est  represente  figure  4,  comprer.d  les  fonctions 

. r ;  i  van  t- : 

-  dit-.-ri nv  de  tiannees  avec  le  goner Jteur  do  message 

-  -  .  cage  detecteur  d’erreurs 

-  i-ila  pseudo-orthogonal 

-  ef rateur  de  preambulc 

-  Modulation  et  filtruge 

-  d<- caenceur 

1/  interface  avec  le  generateur  de  message  comprend  1 ' interface  proprement  dite,  qui 
est  conformo  aux  avis  V24  et  V28  du  C.C.I.T.T.,  ainsi  que  les  organes  de  memorisation  du 
message  qui  est  fourni  au  modulateur  par  bloc  de  256  elements  binaires.  Le  message  a  emet- 
tre,  prealablemont  complete  par  4  "zeras"  pour  constituer  un  message  de  260  £ laments  binai¬ 
res  ,  est  transforme  en  une  suite  de  mots  de  5  elements  binaires.  Un  codage  detecteur 
;:! '  i-rrours  est  applique  sur  cette  suite  de  mots  a  l'aide  d  ’  un  calcul  de  parity  effectue  dans 
l'ulgebre  modulo  2 J .  Un  blanc,  d'une  longueur  correspondant  a  4ms,  est  insere  entre  chaque 
vecteur,  de  fagon  a  optimiser  les  performances  des  codes  en  presence  de  trajets  multiples. 

La  fonctlon  codage  pseudo-orthogonal  consiste  £  associer  h  chaque  mot  de  5  d  laments  binaires 
le  vecteur  de  code  de  31  elements  binaires  correspondant.  L' instant  d'arrivee  du  message 
etant  inconnu  du  recepteur,  ii  est  necessaire  d'ajouter  en  tete  de  chaque  message  transmis, 
une  sequence  part  icul  iere ,  uppelee  preambulc.  Cette  sdcjuence  assure  la  synchronisation  du 
recepteur,  et,  dc  sa  longueur,  dependent  les  proprietes  de  detection  et  de  fausses  alarmes 
du  systeme.  Son  insertion  est  effectude  dans  le  modulateur  par  le  qenerateur  de  prdambule . 

Le  message  transmis  est  ainsi  ddcompose  en  trois  parties,  une  partie  preambulc,  une 
part  if  information,  une  partie  controle  de  parite,  chaque  partie  etant  constitude  de  vec¬ 
teurs  de  codes  psoudo-or thogonaux ,  conune  represents  sur  la  figure  5.  Le  flux  binaire  composd 
du  preambulc  et  du  message  code,  module  par  inversion  de  phase  a  1800  Bauds  une  sous  por- 
touso  dont  la  frequence  est  dgalo  4  1500  Hz.  Un  filtrage  4  phase  lindairc  est  ensuite  appli¬ 
que  de  fagon  a  limiter  le  spectre  du  signal  module  pour  le  rondre  compatible  avec  la  bande 
dtsponible.  Le  sdquencour  engendre  tous  les  rythmes  ndccssaires  au  fonct i onnement  du  modu- 
lateur  en  fonct ion  des  signaux  do  commando  appliques  sur  la  jonction  avec  le  qenerateur  de 
mess. ki>.-  . 


i .  i  bdmodu  l.iti-ar 


Le  demode  1  a  tear ,  dent  un  bloc  diagramme  est  donnd  figure  6,  est  compose  des  fonctions 
s’lr'int'm  : 

-  interface  recepteur 

-  bemodu 1  at  our  de  phase 


-  Conversion  Analoqique  - 


N'ume  r  :  :  le 


^  representent  respect ivement  les  amplitudes,  retards  et  frequences  Doppler 

du  q  leme  trajet  multiple,  le  premier  terme  reprdsentant  le  trajet  pris  come  refe¬ 
rence  et  appele  trajet  principal. 


La  detection  est  effectuee  par  une  demodulation  synchrone  avec  la  porteuse  du  trajet 
principal  donnant  le  signal 


rd(t)  =  S(t) 


Q 

£ 

q  -  1 


Aq  S(t  -  tq)  C°s9q 


oil  0  =  2  JT  ( f  -  f,)t  +  2  JT  ( f  ,  +  f  )  1 

q  dq  d  dq  o  ^  q 

qui  est  correle  avec  chaque  vecteur  du  code  V(n,k)  (Figure  1). 

La  synchronisation  etant  effectude  sur  le  trajet  principal,  1' instant  de  decision 
correspond  au  moment  ou  la  correlation  du  vecteur  v1 ,  regu  sur  le  trajet  principal  avec 
les  vecteurs  de  reference,  est  faite  avec  un  ddcalage  tempore]  nul. 

L'emission  dtant  continue,  la  configuration  des  signaux  regus  par  le  trajet  principal 
et  les  trajets  secondaires,  est  donnde  sur  la  figure  2.  Le  signal  ddlivrd  par  le  corrdlateu. 
j  vaut  alors  : 


P  .  (o  ) 

i: 


Q 

S 

q  =  1 


A  cos  8  |P..(‘C)+P.(>) 

q  q  [  i]  q  uj  cq  J 


ou  °  (  t  I  represente  la  correlation  apdriodique  normde  du  vecteur  v  avec  le  vecteur 

vm  pour  un  decalage  temporel  t. 

bj  represente  la  correlation  du  bruit  avec  le  vecteur  v-1 

Le  critere  de  decision  &  maximum  de  vr aisemblance  conduit  a  decider  que  v1  est  regu 
si  Zi  est  superieur  S  tous  les  Zj  pour  j  f  i. 

Le  code  adapte  a  ce  type  de  liaison  est  done  celui  qui  minimise  les  termes  d' interfe¬ 
rence.  Les  proprietes  auxquelles  il  doit  satisfaire  sont  uniquement  liees  aux  propridtds 
d 1  auto-correlation  et  d  1  inter-corrdlation  des  vecteurs  du  code  V(n,k)  : 

-  1  '  auto-correlation  ^  pour  X  i  0 

-  1 '  inter-correlation  P.  .  .  _.  .  VI 

1 J  \  C  I  i 

doivent  etre,  en  valeur  absolue,  borndes par  une  limite  aussi  faible  que  possible. 

Les  valeurs  asymptot iques  de  la  borne  ont  dtd  ddtermindes,  et  la  mdthode  de  construc¬ 
tion,  ainsi  crue  les  proprietds  de  ces  codes,  ont  dtd  ddveloppdes  dans  des  publications 
anterieures  [l]  ,  [2]  .  On  ne  rappelle  ici  que  les  rdsultats  gdndraux. 

Les  vecteurs  des  codes  pse udo-or thogonaux  V(n,k),  sont  ddduits  par  une  operation  de 
translation  interne  H  un  code  cyclique  W(n,K)  qui  conduit  a  prendre  un  vecteur  par  classe 
d'ordre  n  de  W(n,K).  Cette  construction  permet  d'obtenir  les  valeurs  les  plus  faibles  des 
termes  d  1  inter ference . 

Les  codes  pseudo-orthogonaux  sont  des  codes  non  lineaires  qui  possedent  les  proprid- 
tes  ties  codes  auto-synchronisants . 

I.es  performances  les  mcilleures  sont  obtenues  pour  les  valeurs  de  n  de  la  forme 
n  l1'  -  1  ou  n  -  2^,  p  entier,  valeur  pour  laquelle  les  codes  ont,  de  plus,  la  propndtd 

f  -  ,  (,,)  -  0  !,our  1  •'  3 

Les  < rode s  auto-synchronisants  possedent  des  proprretds  simi  laires  [l]  ,  ma  i  s  presentent  des 
ri '  interference  plus  importants,  et  n' existent  que  pour  des  valeurs  de  n  part ieul  idres . 

Les  performances  des  codes  pseudo-orthogonaux  sont  i] lustres  sur  la  figure  3  qui  repre¬ 
sent  -  1  i  probability  d'orreurs  par  bit  en  fonction  du  rapport 

Lnorgie  par  bit  d  '  inf  ormat  ion 

Density  spectrale  de  bruit  (bruit  blunc) 

poor  les  gas  de  propagation  suivants  : 


i'ropag  it  ion  mnnotrajet  :  courbe  1 

i  rop-i  pit  ion  i  deux  trajets  d'l’gale  ampl  i  t  u<l«>  a  •••<•<.•  emission  continue  (cou;  be  t) 
une  interruption  (hs  ('emission  deale  i  T  entre  deux  vecteurs  (courbe  ,1). 


MODEM  A  CODES  PSECDO-ORTIIOGONAUX  :  RKSULTATS  experimentaux 


E.CliAVAND  (1),  D.DKSAG!-:  (2)  ,  C . GOUTKI.ARD  (1),  J.P.  VAN  UFFELKN  (2) 

(  1  l  1.1  .TV 1  :.  .Avenue  de  la  Division  Lee  lore  94230  CACHAN  (France) 

(2)  ».!>.  2  1  ,  92  390  Li :  PI.KSSIS  ROBINSON  (France) 

RESEME 

•  i  nil  > '.ru  i  lie  en  orjdes  decamet  r  iiiues  est  caractcrise  par  1  'existence  de  tra- 

;  i  iiitr  'duisent  des  evanou  i  ssoments  selectifs  et  des  distorsions  intersym- 


i  euder.ee  lento  apportent  une  solution  aux  problemes  do  distorsion  inter- 
•i*  :•  -iv'  !  El  t s  aux  d vanou  i  ssoments  selectifs  .  Au  contraire,  les  modems  5 
.  st  ns  i  Lies  aux  distorsions  intorsymboles ,  mais  peu  sensiblcs  aux  dva- 


•.  nr.-.  ••  .r.  t.. nit m  utilisant  des  codes  pseudo-or thogonaux  qui  realise  une  transmis- 

.  ■■  ;  i.  i  r.  i  .i  ait  une  bonne  protection  sur  les  distorsions  intersymbolos . 

.  i  r  a  c  *  e  i  ■; t  i  uue;'.  des  codes  pseudo -or  t  hogona  ux  ,  qui  constituent  un  codage  optimum, 

...  r.f  t p pe  1  e e :-i  ... t  led  techniques  r.ises  en  oeuvre  dans  le  modem  sont  decrites. 

Deux  types  d'essus  exper i mentaux  ont  etc  effectues.  Le  premier  type,  effectud  sur 
sin  .  latent"  cermet  tit.  ir, insurer  les  caracter  i  st  iques  du  modem  dans  des  conditions  de  propaga¬ 
tion  et  tie  Ltuuillage  parfaitement  dcfinies. 

Le  second  type,  effected  sur  une  liaison  reelle,  a  permis  de  comparer  les  performances 
du  modem  a  codes  pseudo-or thogonaux  avec  cellos  d'un  modem  non  codd  de  meme  ddbit.  Le  gain 
looorte  par  le  codage  est  mis  on  evidence. 


1  .  [DTPoDEOV  1  -N 

les  transmissions  en  ondes  ionosphdr iques  sont  caractdr isdes  par  la  prdsence  de  tra¬ 
il  t  s  multiples  et  la  non  stationaritd  du  milieu.  L1 interference  entre  les  trajets  multiples, 
.•rde  Jos  ev anou i ssoments  importants  (fading)  et  l'etalement  de  la  rdponse  impulsionnelle 
it.!  rod  ait  me  distorsion  intersymboles . 

Dos  modems  utilises  so  classcnt  actuellement  en  deux  categories.  Ceux  a  cadence  faible 
a  1) anti'i  ef.roLte  c j u i  sont  sensibles  aux  dvanouissements  selectifs,  et  ceux  d  cadence 
rap i tie  qui  sont  sensibles  aux  distorsions  intersymboles.  On  combat  cette  distorsion,  soit 

•  ir  tl'S  techniques  d  ’  dqa  1  isat  ion  ,  soit  par  des  techniques  de  codage. 

n  pro sente  ici  un  systeme  a  cadence  rapide  utilisant  une  technique  de  codage  qui 
limite  les  offets  de  la  distorsion  intersymbole .  Les  codes  utilises  sont  optimaux  et  un 
ai  rn. |  a  maximum  de  vraisemblance  est  utilise.  La  repetition  de  1  ’  information ,  assoc ide 
i  ;r>  collage  do tec tour  d'erreur  supplementaire ,  conffere  au  systeme  une  robustesse  particuliere 

•  i  . -a  -v  i des  brouillagcs. 

DDUD.  PSKEDO  ORTIIOGONAUX 

I. os  codes  pseudo  orthogonaux  ont  etc  e 1  a bores  dans  le  but  de  rdsoudre  les  problemes 
rencontres  dans  les  transmissions,  dans  les  canaux  roultitra jots  5  caractdrist iques  alda- 
■  o  i  re  s  . 


l.e  principe  de  base  rctenu  est  celui  d 1 une  detection  au  maximum  do  vra  isembl ance , 

I  ii  conduit  au  schema  de  la  chaine  de  transmission  represente  sur  la  figure  1. 

Chuque  vecteur  emis  v1  appartiont  au  code  pseudo  orthogonal  binaire  V ( n , k ) ,  construit 
i  i.ar*  jr  des  k-uples  du  message. 

Da  modulation  de  type  PSK  conserve  le  carnet  ere  lindaire  de  la  superposition  des  tra- 
"  * s  mult  tples.  Au  signal  s(t)  dm is  : 


•"  1  (*  ,  ,:os  /7tin' 

irre, pond  I*-  signal  rcc;u  r 


S,..  cos  2  XT  (  f  *  f  ,1  t. 


A  M(t  -  2q)  cos  2  Tt  ( f 


f  ,  )  (t  -  Zq) 


MIS 


DISC  l  SSION 


(  .(.outclard.  I  r 

I  Ik-  presentation  reminds  me  that  nine  years  ago  I  )r  Darnell  also  made  a  very  interesting  presentation  in  Athens  on  a 
subject  similar  to  the  one  discussed  todav.  We  note  that  things  have  changed  a  lot  ov  er  the  past  nine  years.  I  would  like 
to  make  three  comments.  I)r  Darnell  saiil  that  interleaving  techniques  were  ancillary,  hut  that  is  not  perhaps  entirely 
correct.  1  agree  that  according  to  information  theory  interleaving  is  had  as  far  as  noise  is  concerned,  hut  without 
mterleav  ing  techniques  we  would  not  know  how  to  correct  hursts  of  errors. 

M\  second  point  refers  to  codes.  There  are  some  well  known  block  codes  which  can  he  used  because  ol  their  well- 
understood  algebraic  structure,  hut  is  extremely  difficult  to  find  decoding  algorithms.  It  is  interesting  to  mention  that 
ihcic  tire  some  codes  which  are  very  good  for  correcting  errors,  but  which  cannot  he  used  in  practice  —  the  (iopa  codes 
tor  instance.  We  know  how  to  decode  the  so-called  (  Ittss  I  codes  of  that  type  hut  not  ('lass  2.11  we  knew  how  to  decode 
them,  great  progress  could  he  made  in  decoding. 

\lv  third  point  refers  to  multiple-access  techniques,  and  the  three  techniques  given  in  Section  2.4.  You  said  that  the  first 
two  could  he  used  in  either  analogue  or  digital  form,  hut  not  the  third,  which  could  only  he  used  in  digital  and  not 
analogue  form.  I  lovveve,  .  I  believe  that  it  is  quite  practicable:  there  is  no  theoretical  reason  w  hy  the  spreading  signal 
should  not  he  an  analogue  signal. 

Author's  Reply 

I  hank  you  for  your  comments:  I  will  respond  to  each  in  turn.  Concerning  interleaving,  I  did  not  mean  to  give  the 
impression  that  interleaving  was  an  ancillary  technique.  It  lends  to  be  a  technique  that  is  used  in  conjunction  with 
conventional  error  protection  coding,  because  it  simplifies  the  type  of  code  employed  by  allowing  the  correction  of 
random  errors  rather  than  hurst  errors.  I  did  not  mean  to  de-emphasize  the  importance  of  interleaving.  In  terms  of 
simplifying  the  design  of  a  transmission  system  it  has  great  value. 

( 'oncoming  decoding  of  block  codes.  I  accept  your  point  that  in  some  cases  it  is  difficult  to  find  efficient  decoding 
structures.  This  is.  of  course,  one  of  the  principal  advantages  of  convolutional  codes,  that  the  decoding  structures  are 
relatively  simple.  It  was  necessary  to  simplify  the  discussion  of  these  aspects  to  fit  the  time  available. 

Concerning  code  division  multiple  access,  in  principle.  I  accept  your  comment,  hut  as  far  as  I  know  the  systems  that  tire 
used  at  present  have  the  baseband  data  in  digital  form. 

(  .(.nutclard,  I  t 

I  also  do  not  know  of  spectrum  systems  which  use  an  analogue  implementation,  hut  I  do  not  understand  w  hy  it  is  not 
done.  I  think  one  should  ask  the  question  because  it  could  he  interesting.  A  communication  in  the  United  States 
described  spectrum  spreading  with  true  white  noise.  I  do  think  this  method  could  be  studied. 

Author's  Reply 

I  hank  you  very  much  lor  that  comment  and  I  do  think  it  raises  a  very  interesting  possibility. 

K.W.I.ampcrt,  ( ie 

Professor  (ioutclard,  ten  years  ago  I  built  a  spread  spectrum  system  using  an  analogue  baseband  signal,  so  some  do 
exist. 

.1. A.HolTmeyer.  I  S 

Would  von  consider  complexity  of  implementation  and  hence  cost  to  also  be  a  major  factor  in  the  selection  of  a  voice 
dieitt/uli' m  technique'.’ 

(uthor's  Reply 

In  manv  r  ases,  the  system  designer  is  constrained  by  the  channel  characteristics  to  'cr  a  wideband  or  narrowband 

uleoiitlim  I  oi  example,  at  111  a  narrowband  2.4  kbit  s  vocoder  is  typically  used  to  be  compatible  with  a  3  kl  1/ 
band  vv  nil  It.  hence  necessitating  a  rather  complex  implementation  I  lowevei .  in  general.  I  would  agree  that  complexity  — 
.uni  thus  i  ost  should  be  minimised  vv  here  the  liccdom  to  do  this  exists. 
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Figure  6.  Schematic  diagrams  of  convolut ional  encoders. 
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DISC  l  SSION 


M. Darnell.  I  K 

Prolessor  ( ioutelard  al  [he  beginning  ul  his  talk  mentions'll  I  he  shortcomings  ol  the  ratio  K  =  I  h  No  Inr  the  sompaiixon 
ill  modulation  and  coding  s\ stems.  In  Ins  paper  he  overcame  the  problems  In  amiparinii  Ins  modem  with  a  reterenee 
modem.  I  wonder  if  lie  has  anv  suggestions  lor  an  v  analvlical  measures  w  Ineli  eon  kl  toi  m  the  basis  ol  eom  pari  son  lot 
modulation  anil  ending  sehemes  in  a  real  noise  emironment. 

Author's  Reply 

I  he  ratio  R  is  used  in  well-defined  white  noise.  It  is  very  valuable  heeause  it  can  he  reproiitieed  In  carious  laboratories 
and  I  think  it  is  the  onlv  valid  element  ol  comparison  which  makes  it  possible  to  compare  carious  models,  because  you 
etui  compare  them  only  in  the  presence  ol  white  noise.  W  hen  vou  consider  experimental  results  using  real  links,  the 
ratio  R  is  onlv  an  indicative  element.  II  the  noise  is  impulsive  it  will  introduce  bursts  ol  errors,  a  completely  different 
situation  from  average  noise  and  randomly  scattered  errors.  In  our  simulation  we  have  used  the  ratio  R  to  locate  curves 
which  can  be  used  for  eomptuison.  l  ints  we  have  compared  radio  broadcasting  with  Morse.  Morse  with  natural 
jamming,  natural  jamming  with  w  hite  noise  Perhaps  we  should  define  standard  noise  models  to  be  able  to  undertake 
comparisons  between  the  different  systems  which  we  are  implementing,  and  think  of  setting  up  magnetic  support 
libraries.  We  all  have  high-performance  simulators  into  which  we  can  feed  data  in  digital  form,  and  we  could  create  a 
standard  library  with  a  repertoire  ol  noises  which  could  be  fed  into  simulators.  1  his  does  not  exist  as  far  its  I  know,  and 
would  be  of  great  advantage  to  us.  I  expect  you  have  similar  ideas. 


I  ..Bertel,  hr 

( I  |  Votis  ave/  parle  de  simulation  elfectuee  avec  -  trajels  pour  Icxqucls  lex  diets  Doppler  xoni  respectivement  positifs 
el  negalits.  ( Juclle  est  pour  vous  la  signification  exacte  du  terme  trajet?  en  particulier  distingue/.-vous  les  trajets 
relatils  a  chai|uc  mode? 

(?)  Vous  compare/ deux  modems  el  ixolc/  3  regions caracteristiques.  sur  les graphiques  illuxirant  vos  rexultats 

(figures  9  et  III).  Ave/-vous  line  idee  sur  les  origincs  physiques  de  ces  trois  regions  caracteristiques:  pourrez-vous 
en  deduire  lies  conclusions  quant  aux  mesures  qui  doivent  etre  effectuees  dans  le  futur  en  vue  d'apportcr  des 
informations  utiles  aux  conccptcurs  des  systemes  de  transmission  numerique  en  UK 

Author's  Reply 

( I  )  On  definil  tin  trajet  en  terme  de  reponse  impulsionnelle  du  canal:  pour  une  impulsion  eniise  on  distingue  au  lien  de 
reception  n  impulsions.  On  dit  alorx  qu'il  y  ;i  n  trajets.  Dans  chaque  mode  de  propagation,  par  exemple.  IF.  il  peut 
y  avoir  tin  trajet  correxpondan!  au  rayon  has  et  comprenant  le  mode  ordinaire  et  extraordinaire  si  les  delais  et  les 
dopplers  tie  permettent  pas  de  les  distinguer  et  deux  trajets  correspondant  au  rayon  haul,  l  un  pour  le  mode 
ordinaire.  I'anlre  pour  le  mode  extraordinaire  si  les  delais  et  les  dopplers  permettent  de  les  distinguer. 

( 2 )  I  in  cc  qui  concerne  les  trois  regions  qui  apparaissent  sur  les  figures  9  et  1 0.  il  est  simple  de  les  expliquer.  Les 
points  situes  pres  des  axes  traduisent  le  fait  qu'un  seul  des  modems  introduit  des  erreurs.  On  constate  que  le 
modem  FSK  introduit  plus  derreurs  que  le  modem  a  codes  pseudo  orthogonaux.  II  apparait  a  l  origine  des  axes  les 
eas  oil  atieunc  erreur  ne  s'est  produite  sur  aucune  modem.  On  note  ensuite  un  ensemble  de  points  qui  traduisent 
lapparition  derreurs  sur  fun  et  I'autrc  modem.  (et  ensemble  est  distinct  des  autres  parce  que  les  taux  derreurs 
xont  mesures  sur  des  ensembles  de  2(1  blocs  de  25b  bits  d'information.  Le  taux  d  erreurs  minimum  est  done  de 
1  (25b  X  2d)  #  I  O  ',  ce  qui  explique  ce  groupement.  Voici  done  les  raisons  des  groupements  et  quant  aux  mesures 
qui  pourraient  etre  faites.  je  pense  que  voire  question  est  Ires  important,  et  que  le  reponse  est  difficile.  Je  pense 
qu'il  faut  fournir  tin  concepteur  des  donnees  complementaires  des  modeles  mathematiques  actuels,  sur  les 
caracteristiques  des  cunaux  aux  periodes  de  perturbation  car  e'est  essenliellement  dans  ces  cas  qu'apparaissent  les 
erreurs  et  sur  le  bruit  peut  etre  en  dressant  des  catalogues  ctimme  je  l  ai  suggere  dans  nta  reponse  au  Dr  Darnell  II 
v  a  ilans  ce  domains'  un  travail  important  qui.  a  ma  connaissance.  reste  il  faire. 


I  .Kiriakos.  ( it 

( I  )  What  criteria  did  vou  use  in  order  to  choose  the  category  of  orthogonal  codes  among  all  the  variety  ol  codes? 

( 2 )  What  were  the  lengths  of  the  orthogonal  codes  that  vou  have  used. 

( 5 )  I  )hI  vou  compare  the  pcrlormance  of  the  used  code  in  the  bounded  and  unbounded  region;  if  yes.  what  were  the 
results? 

Author's  Reply 

(  I  )  Nous  nous  xonimcx  poses,  en  I  972.  le  problems'  de  chercher  des  codes  permettant  de  lutter  cotitre  les  trajets 
multiples.  Nous  avons  formule  le  problems'  en  termes  d  auto  et  d  intercorrelation  ctimme  il  est  ecrit  dans  notre 
communication  et  nous  xommex  arrives  a  title  classe  de  codes  que  nous  avons  appeles  codes  pseudo-orthogonaux. 
Its  preseiilent  les  meilleures  performances  connues  et  v  est  la  raison  pour  Inqiiellc  nous  les  avons  choisis. 

( 2 )  Nous  avons  relenti-.  les  codes  pseudo-orthogonaux  ( 3  1  5)  a  la  suite  d  une  elude  des  conditions  de  propagation 

dans  unc  /one  de  3001)  km  de  ravon  centre's'  sur  Paris,  maix  les  eoiles  pseudo-orthogonaux  existent  pour  n'importe 
quelle  longueur 
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RESUME  - 

l  1  ftude  pr&spntde  (Tans  cet  article  porte  sur  une 
m£thode  de  codage  correcteur  d'erreur  adapts  &  un 
modem  auto-adaptat i f  1200  bits/s  opfTrant  sur  une 
liaison  ionosph^rique  en  ondes  d«lcam£triques. 

On  a,  dans  un  premier  temps,  men£  une  dtude  sur  la 
repartition  dps  erreurs  li  l'aide  d'un  simulateur 
sur  lequel  on  a  reproduit  les  caract^ristiques  de 
la  propagation  mesur^es  par  une  station  de  sondaqe 
ionosph£rique  par  rdtrodiffusion  et  pour  des  cas  de 
brouillage  divers.  On  a  ainsi  traits  27  cas  diff£- 
rentr,  reprdsentant  30  millions  de  bits. 

I  'fTtude  de  la  repartition  des  erreurs  a  conduit  au 
choix  des  codes  les  mieux  adaptds.  Le  codage  retenu 
consiste  a  mettre  en  cascade  deux  codes  entrelac^s. 
E ' un  corriqe  les  erreurs  isol^es  et  les  petits 
paquets  d'erreurs  (code  de  Reed  Solomon)  ;  1 'autre, 
les  erreurs  de  coupure  (code  de  Kasami).  Le  rende- 
mpnt  do  systt’mp  de  correction  est  0,59. 

Une  f$tude  de  1 'efficacit(3  du  systeme  de  correction 
,i  <5t6  faite  sur  simulateur  et  a  permis  de  montrer 
que  le  taux  d'erreur  (Rait  riiduit  d'un  facteur  dqal 
un  supprieur  a  100  dans  tons  les  cas. 

Une  discussion  des  limites  de  correction  que  1'on 
pent,  nttendre  de  tels  syst&mes  est  faite. 


ranee 


ABSTRACT  - 

This  paper  presents  an  error  correcting  system 
designed  for  a  1200  bits/s  self  adaptative  modem 
operating  on  the  HF  ionospheric  channel. 

An  analysis  of  error  statistics  has  been  made 
simulating  a  specific  link  whose  characteristics  had 
been  measured  before  hand  by  a  HF  backscatter  probe. 
We  have  treated  30  millions  of  bits,  wich  represents 
27  different  cases  of  propagation  and  scrambling. 

The  coding  system  wich  has  been  chosen  consists  of 
a  cascade  of  two  codes.  One  corrects  single  error 
and  small  bursts  (Reed  Solomon  codes),  the  other 
corrects  long  bursts  of  errors  (Kasami  code).  The 
overall  rate  is  0,55. 

An  error  correcting  simulation  has  shown  that  in  most 

-4 

of  cases  studied  a  her  of  10  a  coding  gain  of  a 

_2 

least  10  has  been  achieved. 

Limitations  of  theses  methods  are  discuted. 


i.  ]\intH)urno\ 


I. i  t  ransm iss ion  do  dour  ides  numdriques  par  orules  ddcarndt  riques  a  t ravers  le  canal  i unusphdr 1  quo  ost 
attrayante  par  lot*  avantaqes  dconomiques  ot  loqistiques  qu'eile  offro  :  faihles  pu  j  ssances  ilVimvaun, 
foible  emit,  longueurs  dor,  liaisons,  possibility*;  do  cryptaqes  numdriques,  mais  par  cunt  re,  les 
phdnomones  do  propagation  sont  la  cause  de  complications  multiples.  I  os  variations  impor tant os  dos 
caract dr ist iquos  du  canal  ionosphdr ique  ne  peuvent  otre  prdvues  avoc  une  precision  suffisante  pour 
attoindro  one  adaptation  permanently  et  la  part  des  fluctuations  imprdv is  lb ios  est  suffisante  pour 
laisser  une  qrande  instability  des  processus  d'erreurs. 

Pour  pallier  cos  inconvdnionts,  diffdrentes  techniques  peuvent  etre  utiliades  :  systemes  a  ddbit  lent, 

1 ransmiss ions  paralleles,  systemes  eodds.  line  autre  technique  utilise  le  principe  de  1 ' auto-adaptat 1 vi td 
quo  1 'on  retrouve  sous  diffdrentes  formes  dans  le  systdme  AOAPTICQM  ddcrit  par  M.J.  DITQRD  [llet  dans 
le  systdme  T.R.T.  ddcrit  par  P.  DAVID  et  J.P.  t.'AN  UFTEl.EN  ^2  J  qui  utilisent  le  principe  du  calcul  de 
la  function  de  transfert  du  canal  et  qui  conduisent  h  des  ddbits  importants,  ou  bien  dans  le  systdme  RAKE 
ddcrit  par  R.  PRICE  et  P.E.  GREEN  £  3  J  et  le  systeme  KATRYN  ddcrit  par  M.S.  ZIMMERMAN  et  A.I..  KIRSChJa  ^ 
qui  rdalisent  1 ’ adapt ativitd  avec  des  principes  voisins. 

la  prdsente  dtude  porte  sur  la  recherche  de  codes  adaptds  a  un  modem  auto-adaptati f  1200  bits/s  opdrant 
sur  une?  liaison  a  t ravers  le  canal  ionosphdrique.  La  transmission  effectude  par  une  modulation  numdrique 
de'  la  phase  a  dtd  reproduite  en  laboratoire  sur  un  simulateur.  Pour  ddfinir  un  moddle  du  canal,  les 
caract dr ist iques  de  la  propagation  ont  dtd  mesurdes  sur  la  liaison  spdcifique  Rennes-Dakar  par  un  sondeur 
ionosphdrique  a  rdt. rod i  f fusion  installd  d  Rennes. 

Pour  un  ensemble  de  27  cas  do  simulation  dchantil lonnant  de  fagon  satisfaisante  les  conditions  de 
propagation  ot  do  broui Llacje,  on  a  dtudid  sur  un  volume  de  30  millions  de  bits  reprdsentant  6  heures  de 
transmission,  la  repartition  des  erreurs.  Les  motifs  qui  sont  apparus  ont  conduit  aux  choix  de  codages 
possibles.  One  reduction  d'un  facteur  au  moins  dqal  h  100  de  la  probability  d'erreur  a  dtd  prise  comme 
oritdre  d’nfficacitd  des  codes.  II  a  conduit  d  1 'utilisation  de  deux  codes  en  cascade,  Reed  Solomon  et 
Kasami,  ot  a  un  ont relacement  pour  atteindre  I'objectif  fixd. 

les  oodaqos  ainsi  ddtorrninds  ont  dtd  rdalisds  au  moyen  d'un  codeur  universel  qui  a  permis  J'effectuer 
l  'oxpdr  imenlat  iori  du  systdme  coniplet. 

I  iv,  rdsultats  obtonus  mot  tent  on  dvidence  l'efficacitd  du  codaqe. 

II.  Rf  CONST  I II II  ION  1)1  I  A  I  FAISON  - 

t  e  schema  do  la  figure  1  prdsente  lor,  dldrnonts  const  it  ut  i  fs  de  la  reconstitution  en  laboratoire  de  la 
1 ia i son  ionosphdr iquo. 

I  'analyse  do  la  repartition  des  erreurs  a  dtd  faito  on  comparant  les  informations  issues  des  points  B  ot  C 
do  la  liaison.  I  'analyse  dos  performances  des  codes  osl  obtonue  par  comparaison  des  informations  on  A  et  D. 
le  f onct i onnement  du  simulateur  ot  du  modem  est  prdsontd  dans  co  paraqrapho.  Celui  du  codeur  ddcodeur 
sera  prdserdd  dans  In  paraqrapho  oonrornant  l'dtudo  du  codaqe. 

M.  1.  . . .  aid  o-a>  Dipt  a  I  i  f 

'  f>  "udoc  utilise  ost  rt.-lui  quo  la  sue  idle  I.R.l.  a  ronstrmt  pour  r  e  type  dr*  liaison.  II  prdsente  les 
r ' . » r .  i » •  t  f '  r  i  ,1  iquos  su  lv  aid  or.  : 

-  emission  on  :;drm  (’sur  un<'  uoulo  porteuse), 

-  ddbi  t  df'  1 hit/s, 

-  modulation  par  saul  rio  phu.o,  deux  dt.it-,, 

-  tra  Moment  flu  si(|nal  par  legalisation  aut  o-adapt  at  i  v/o . 


Le  f litre  utilise  a  une  structure  mixte  :  transversale  et  recursive,  av/ec  decision  dans  la  boucle 
(figure  2). 

It's  coefficients  du  filtre  sont  ajustes  suivant  un  algorithme  qui  rend  minimale  l’erreur  quadratique 
moyenne.  line  sequence  de  test  est  emise  p£riodiquement  pour  r£ini t  ial iser  les  coefficients  en  cas  de 
d£sadnptat ion  du  filtre.  la  vitesse  de  modulation  de  1350  bauds  est  done  tr£s  sensiblement  sup£rieure 
au  tidbit  d'  informat  ion  de  120(1  bits/s. 

11.2.  Simulation  du  canal  ionosphgrique 

de  phase  a  deux  £tats.  L ' information  est  contenue 
valeurs  +  1  et  -  1.  L'onde  r(t)  reconstitute  par  le 

-  r  .)]  +  d( t ' 

Dans  cette  expression,  °(  ^ .  et  ~C  reprdsentent  respeetivement  1 '  ampl itude,  le  Doppler  et  le 
retard  de  chacun  des  trajets  ;  n(t)  est  le  bruit. 

Un  canal  comportunt  trois  trajets  peut  etre  reconstitu^  avee  le  simulateur.  La  frequence  Doppler  et  le 
retard  de  chacun  des  trajets  sont  proqrainnr.ables.  La  frequence  Doppler  peut  etre  rdgl^e  auec  une 
precision  de  1/100  de  hertz’  dans  la  qamme  0,01  -  99Hz. 

In  liaison  Rennes-Daknr  a  «5ttf  choisie  pour  servir  de  base  b  cette  #tude.  Les  mesures  du  canal  test£ 
ont  dt£  faites  a  partu  de  la  station  de  sondaqe  du  LETTI,  instance  S  Rennes(France) .  Elies  ont  £t£ 
effectives  sur  trois  saisons  :  <<tV,  Squinoxe.  hiver  et  pour  quatre  piiriodes  de  la  jourrVe  i  matin, 
so  1  r ,  milieu  tie  la  journde  et  de  la  nuit 

I  'analyse  rler;  rdsultats  a  conduit  a  retenir  trois  cas  extremes  de  la  propagation  destines  5  etre 
reprnduits  sur  simulateur  en  vue  d'une  recherche  de  codes  pour  une  liaison  num^rique.  Ces  modes 
reproduits  dans  le  tableau  1  sont  caract£ris(5s  par  les  diff^rents  trajets  retenus  pour  lesquels 
apparaissent  les  hearts  de  temps  de  qroupe  (retard),  les  ddcalaqes  fr^quentiels  (Doppler)  et  les 
amp  I  l  l.utles  relatives. 

1  e  mode  l  servant  tie  cas  de  rbfbrence,  le  mode  2  correspond  h  un  type  de  propagation  se  produisant  le 
matin  et  la  mode  5  a  un  type  tie  propagation  se  produisant  le  soir. 


Suit  S(t )  coo  2  7T  ft  1' untie  6mise  en  modulation 
dans  la  fonction  S(t)  qui  peut  prendre  les  deux 
simulateur  s'^crit  : 

r  ( t )  =  °TS(t  -  X  ^  cos  J^2  tv  (f  +  f^.Ht 


lab  lean  1  :  MIICMON  1)1  S  MODf  S  l)f  PROPAGATION 


Untie  '  r  ,t  '  Amplitude  1  Doppler  !  Retard 

tie  propagation  1  11  11  '  relative  (dll)  '  (Hz)  !  (ms) 


Mode  1  .  '  1  '  II 


'  f~ "  '  t)  11,2  !  0 

Mode  2  .  '  2  '  -  1  '  (1,9  '  n.n 

1  1  ’  -  6  '  0,9  !  1,2 

1  1  0  0,5  !  0 

Mode  .5  .  '  2  '  -  2  '  -0,5  '  0,B 

_ _  1  ' _ -  9 _ -  0,8  1  2,0 


!>es  rnnv|i  .1  rement s  de  lfthits  ont  <?t^  f.uts  pour  ces  trois  modes  de  propagation  en  intrnduisant  des 
perturb  it  i  nns  carnet  f*r  1  st  igue  ,  i|er»  nodes  d^carrnH  r  i  goes 
-  bruits  at mnspher 1  goes  naturels, 


-  hi  on  i  1  laqw  mt  r  O'  lu  1 1  s  par  des  £mpt  teurs  :  brouilleurs  h  spectre  tr^s  etroit  (ti^l^qraphie 
manue  lie)  ;  hrnuilleijrs  a  spectre  etroit.  (telegraphic  automat  i(|iie)  ;  brotn  1  lours  h  spectre 
larqe  Miai  .ons  phnniques  Bill). 

B»*s  *»nreqi -it  rei»»»»nt  s  ont  ega  lernenf.  Cfte  faits  en  presence  de  bruit  blano  slat  lonna  i  re. 


If  niveau  1'*  bruit  i  ete  I  1  \o  ill*  manidre  tf*lli*  que  li*  taux  d'erreur  Hi*  chacun  des  enreqist  rement  s  ne 

dep  asse  pa-.  I i  1  (burs  pdriude  ill*  perte  Hi1  synchronisat  ion) .  1  i*  but  Hu  cet  1 1*  dtude  dt.  ant  Hi* 

.  It*  1 1  *  rii:  i  in'*  r  les  robes  rorrerteurs  d'erreurs  les  mieux  adapt ds  a  ce  type  Hi*  liaison  <*t  It*  rendement 

i|i*:ii.iMilP  pour  e«*u  codes  et  ant  tit*  0,r>,  la  correction  d'erreur  devicnt  nicer t aim*  au-dessus  d'un  taux 

d'erreur  le  ID  .  C'est  sans  aucun  Houte  la  limitation  la  plus  severe  a  1 ' dt :ei  idue  de  cette  (Rude  : 

H 1  aut  F"  .  f.s ns  uyant  mont  rd  que  lorsque  la  liaison  eat  mauvaise  le  taux  d’erreur  pent  devenir 
-  ^ 

supdr  leur  a  111 

II  >  a  lieu  slurs  d" adopter  one  autre  stratdgie  (code  de  rendement  plus  faible  ou  demaride  de 
rdpdt.  it  ion )  Hans  l 1  ut  i  1  isat ion  du  modem. 

m.  i  mm  m  i  a  in  p-winuiN  m  s  iwuks  n  mi  uux  muyln  d’crkojr  -Js  j 

Le  ddpou i 1 lement  des  erireqi  st  rements  offectuds  a  permia  de  determiner  le  taux  moyen  d'erreur  en  fonction 
du  rapport  signal  a  bruit  et  la  repartition  des  erreura  en  fonction  du  mode  de  propagation  et  de  la 
nature  du  bruit. 

1 1 1 . 1 .  faux  moyen  d'erreur  en  fonction  du  rapport  signal  a  bruit  (S/M) 

Cette  analyse  ne  peut  etre  faite  que  lorsqu'il  est  possible  de  determiner  le  rapport  signal  a  bruit, 
e'est-a-dire  dans  le  cas  ou  le  bruit  est  stationnaire.  Le  bruit  est  alors  fourni  en  laboratoire  par 
un  qdndrateur.  II  a  one  density  spectrale  constante  dans  la  bande  de  frequence  utilisde  par  le 
rdeepteur,  il  est  stationnaire,  a  distribution  gaussienne. 

Dans  les  autres  cas,  la  puissance  du  bruit  captd  avec  una  antenne  est  trds  fortement  fluctuante.  Pour 
les  transmissions  a  trajets  multiples,  la  puissance  du  signal  a  dtd  prise  dqale  a  celle  transportde 
par  le  trajet.  de  plus  grande  amplitude. 

L' ana  lyse  des  courhes  de  la  figure  3  montre  qu'entre  le  cas  de  trajet  simple  et  le  cas  &  trois 
trajets  le  plus  ddfavorable,  la  probability  d'erreur  est  multipliee  par  un  facteur  compris  entre 
20  pour  (f>/\)  =  9  dB  et  30  pour  (S/N)  =  10  dB. 

111. 2.  Hdpartition  des  erreurs 

Un  paquet  d'erreurs  est  un  ensemble  d'dldments  binaires  commengant  et  finissant  par  une  erreur  et 
dans  lequel  la  densitd  d'erreurs  est  supdrieure  ou  dqale  5  une  valeur  d. 

Le  nombre  de  paquets  ddfinis  ainsi  est  une  fonction  du  nombre  et  de  La  rdpartition  des  erreurs  dans 
1 ' enreqist rement  mais  aussi  du  paramdtre  d.  II  a  done  fallu  ddterminer  pour  chaque  enreqistrement 
une  densitd  d'erreur  significative  du  mode  de  groupement  des  erreurs.  La  valeur  retenue  pour  la 
plupart  des  enreqist rements  est  d  =  0,4. 

Lee,  figures  4,  r>,  6  reprdsentent  pour  chacun  des  modes  de  propagation  les  rdpartitions  des  paquets 
d'erreurs  eri  fonction  d(*  la  perturbation  dominante. 

Dans  ces  figures,  pour  les  courbes  ddcrivant  la  rdpartition  des  erreurs,  les  longueurs  des  paquets 
d'erreurs  sont  reprdsentdes  : 

-  t  out e;;  les  unitds  pour  1  1  ^  10 

-  toutes  les  dizaines  pour  11  1  ^  100.  A  l'intdrieur  d'une  dizaine  le  nombre  de  paquets 

d'erreurs  e.st  cumuld 

-  tnutes  les  cpntaines  pour  101  1  <C^  1000 

! -Q^ipara l son  des  propagations  a  trajet  simple  et  a  trajets  multiples 
I  'analyse  d**s  rdsultats  fait  apparaitre  gue  pour  un  taux  d'erreur  donrid,  la  rdpartition  des  erreurs 
est  plus  mauvaise  dans  le  mode  5  que  dans  le  mode  2  et  dans  le  mode  2  que  dans  le  mode  1.  La 
) ungi ini i r  des  paquets  d'erreurs  peut  oiler  jusqu'a  des  valeurs  voinines  (t<*  1000  dldments  binaires. 


.V-5 


le  but  de  ce  travail  n'dtuit  pas  d'£tudier  1  1  inf luence  dps  divers  paramet res  (amplitude,  retard, 
doppler)  d'un  canal  ionosph^r  ique,  sur  la  quality  d'une  transmission  d  ‘  mformat  1  or  i  numdriqur.  In 
effet,  pour  rdaliaer  cela,  il  aurait  fallu  que  lea  pssais  soient  effectors  en  faisant  vai ler 
ind^pendamment  I'une  do  l* autre  chacune  do  ces  grandeurs.  Or,  dans  les  mesures  effectives,  les 
trois  parnm&tres  du  canal  chanqent  simul tandment  lorsqu'on  passe  d'un  mode  a  1 'autre. 

Wanmoins,  on  peut  remarquer  (cf.  tableau  1)  que  dans  les  modes  2  et  5,  les  doppler s  sont  du  merne 
ordre  de  qrandour.  Par  contre,  la  difference  d* amplitude  outre  le  trajet  1  et  les  trajets  2  et  3 
est  plus  grande  dans  le  deuxi&me  mode  que  dans  le  trcisi&me  :  c'est  done  dans  ce  dernier  cas  que  le 
brouillaqe  du  trajet  1  par  les  trajets  2  et  3  est  le  plus  important  .  II  apparait.  done  lugique  de 
trouver  dos  rdsultats  dont  l1 analyse  est  con forme  a  cotte  constat  ion. 

Influence  de  la  nature  des  broui 1 leurs 

Si  on  exclut  de  1 'analyse  le  mode  3  de  propagation  pour  lequel  1 ' interference  ontre  les  trois  trajets 
est  l’<51£ment  primordial  de  la  degradation  de  la  liaison,  on  constate  que  pour  un  taux  d'erreur  donn6 
les  paquets  d'erreurs  obtenus  lorsque  le  bruit  est  non  blanc  sont  nettement  plus  longs  que  lorsque  le 
bruit  est  blanc.  Par  contre,  le  nc.  ..bre  et  la  diversity  des  enreqistrements  ne  sont  pas  suffisants  pour 
dtablir  une  difference  ontre  lee,  diff£rents  types  de  perturbations  (autres  que  le  bruit  blanc). 

La  structure  du  r^cepteur  intervient  ^qa lenient  dans  la  repartition  des  erreurs.  En  effet,  une 
modification  importante  de  la  valour  des  coefficients  des  filtres  de  i'dgaliseur  sous  1' effet  d'une 
perturbation  peut  entrainer  la  presence  d'un  paquet  d'erreurs  pendant  le  temps  mis  par  le  syst£me 
pour  converger  vers  une  legalisation  correcte. 

n.  rnpAGt.  - 

l  'object  if  vise  pour  la  correction  a  ete  de  reduire  le  taux  d'erreur  d'un  facteur  au  moins  egal  h  100  avec 
des  codes  correcteurs  dont  le  rendement  soit  superieur  a  0,5. 

I  ’adaptation  du  codage  au  syst^me  de  transmission  doit  etre  effectue  a  partir  des  motifs  de  repartition 
des  erreurs.  He  plus,  il  est  important  de  reduire  le  deiai  de  restitution  des  symboles  d '  information  pour 
ne  pas  introduire  des  deiais  de  transmission  prohibit  i  f:;. 

1' ex amen  des  resultats  de  mesure  presentes  dans  lea  figures  4,  5  et  6  montre  l'existence  de  deux  types 
d'erreurs  : 

-  dans  tous  les  cas,  il  apparait  des  erreurs  isoieps  ou  de  petits  paquets  d’erreurs,  de  longueur 
lnf^rieure  a  10  pb  ( <5  lament  binaire)  qui  peuvent  etre  eorriq<*s  par  un  premier  type  de  code. 

-  Dans  certains  cas  trnit&s,  il  apparait  Frtfqupmment  de  longs  paquets  d'erreurs,  atteiqnant 
plusieurs  centaines  de  symboles  qui  rVcessitent  un  second  type  de  code  capable  de  corriqer 
de  grandes  erreurs  de  coupure. 

Ces  deux  types  d'erreurs  rencontres  ne  peuvent  etre  cnrriqes  par  un  seul  type  de  code  avec  un  rendement 
superieur  a  0,5.  Il  n  clone  etc  ntfeessaire  de  cascader  deux  codes  sptfci  figure.. 

M  .  1 .  fortes  de  Kasami 

les  codes  de  Kasami,  sont  des  codes  binaires  cyrliques  qui  nssurent  une  protection  maximale  contre 
les  paquets  d'erreurs.  I  Is  peuvent  corriqer  un  paquet  d'erreurs  de  longueur  b  par  bloc  de  n  eb.  Pour 
un  code  cyclique  (n,k)  on  sait.  que  b  est  borntf  par  (n  -  k)/2,  et  on  intrnduit  souvent  le  param&tre 
/  =  n  -  k  -  2b  qui  caract^rise  les  performances  du  code.  Pour  un  rendement  donntS  les  codes  de 
Kasami  sont  ceux  qui  possfrient  la  plus  petite  valeur  de  /. 

la  capacity  de  correction  de  paquets  b  est  de  1*  ordre  de  f>  eb  pour  tous  les  codes  de  Kasami.  Pour 
atteindre  la  capacity  dr  correction  de  paquets  rVressaire  on  est  amentf  a  entrelacer  le  code  N  fois, 
dr  trllr  sorte  que  sur  \r,  bits  le  syst?»me  corriqe  un  paquet  de  \b  eb.  Si  1  est  la  longueur  de  paquets 
4  corriqer,  on  choisit  \  de  manure  h  avoir  ^Jb  1. 


[  '  ci it  i  «*  1  .u-fMiirnl  mtroiluit  me  cunt  ra i rit e  sur  les  bits  a  1 '  oxt or  icur  du  paquot  .  I’anni  les  \n  ob 
■les  \  blocs  ord  re  I  uoo  •;  les  erreurs  duivent  At  i»'  incloses  Dans  un  |  t  do  lonqueur  \b  au  plus,, 
loci  suppi ):>(*  qu'entro  les  paquets  il  y  ;iit  do  lunqs  int rrv.)  1 1 os  sans  erreurs  appelAs  ospaces  do 
qarde. 

L’Atude  do  la  repartition  des  erreurs  montre  quo  lo  pas  d  1  i*nt  re  i  acernent  nAcessaire  pour  ubternr  la 
correction  des  erreurs  doit  Atro  do  l'ordro  do  101)0. 

Cot  end.  re  l  acernent.  par  la  mAthode  des  2  matrices  entralne  un  retard  a  la  rest  i  tut  ion,  qui  ost  do 
l'ordro  iio  1000  blocs. 

Don  rnAt.hodes  ut  i  1  isnnt  des  RAM  permettent  do  diminuer  sensih lemon t  co  retard.  To  sunt  rlt?  tel les 
mAthodos  qui  devraient  etro  utilities  dans  le  cas  d'uno  implantation  on  vue  d'uno  exploitation  non 
expAr  nnont  a  1 e. 

W  .2.  Dodos  do  Rood  Solomon 


t  os  codes  do  Rood  Solomon  ord  AtA  introduits  pour  corriqer  les  erreurs  isolAes  et  les  petits 
paquets  d'erreurs.  Co  sunt  des  codes  cycliques  dAfinis  sur  les  extensions  F c^Li  corps  (F 
dAsiqne  i jf i  corps  (l'ordro  p).  les  AlAments  de  F^m  sont  appelAs  symboles. 

la  representation  d'un  symbole  de  F?^  est  Faite  par  un  m-uplet  binaire.  Ces  codes  correcteurs  de 
symboles  erronAr;  corriqent  los  paquets  d'erreurs  inclus  dans  les  representations  de  symboles. 
Amsi,  un  rode  do  Rood  Solomon  corriqoant  t  symboles  corriqe,  en  representation  binaire  toutes  les 
erreurs  sur  les  bits  reprAsentant  au  plus  t  symboles,  e'est-a-dire  t  paquets  d'erreurs  de  lonqueur 
maximalo  m.  la  compatibility  av/ec  les  codes  de  Kasami  a  conduit  a  prendre  m  =  4  ou  8  qui  aboutit 
a  one  proportion  importante  do  correction  des  petits  paquets  d'erreurs  et  des  erreurs  isolAes. 

I  \  .  5.  Cascade  dos  codoc,  id  ont  re  lacoment 

I  os  codes  et  1’ ord  ro 1 acernent  ont  AtA  rAnlisAs  selon  le  mode  rAsumA  sur  la  figure  7  :  les  donnAes 
sont  d’ abort!  codecs  par  |o  code  do  Kasami  ot  entrelacAes,  puis  codAes  par  le  code  de  Reed  Solomon 
et  entrelacAes  a  nouveau. 

A  la  rAccpt inn  apres  les  dosent relacemnnts,  le  code  de  Reed  Solomon  corriqe  d'abord  les  petits 
paquot : ?  d'»u  pours  puis  le  code  de  Kasami  corriqe  Ips  paquets  de  qrande  lonqueur. 

h  . 4 .  I h ■  .ri j* i s i < »>  sur  le  rhoix  des  codes 

los  car  art  Ar  i  st  iques  ties  erreurs  nous  ont  impost5  ce  choix,  au  prix  d'un  systeme  de  correction  en 
cascade,  ot  d'un  fort  ord  ro  lacoment . 

.1  la  onritiamto  sur  los  rendoments  pouvait  ot.ro  assouplie,  un  systAme  eonstituA  d'un  soul  code  de 
b.<  ,  r»»nde  ot 1 1  do  typo  Rood  ot  Muller,  cntrolacA  aurait  AtA  susceptible  de  fournir  los  donnAes  avec 
I**  ja  i  r .  •••',  taux  d'orrour  soubaitA.  Do  memo,  certains  codes  convolut.  ionnels,  a  condition  que  1 '  on 
.  ic1'"  o'in-.ri  \.<»r  la  sy richrnn i sat  inn  du  systAme,  tache  trAs  ardue  dans  le  cas  prAsent,  pourraient 
rApnndi  atjx  besuins  du  problArne. 


'I  Cl-1! 
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,<u  if,  }c  ■»*•••  ff  ,  cxpAr  i  af'fdalor;  ord  At  A  offoohiAos. 

■r--i<To  a  rorr.i  do  a  tester  les  oodafjos  dont  les  carnet  Ar  i  st  iques  ord  ro  dans  lo  qahant  dAfiru  dans  lo 
a[ >bo  prAr-A.li.fd  . 


'node  a 


offoetuAo  aur  les  moil  lours  codos. 


('oniptr  tenu  chv;  caract  erist  igues  gdndrales  doo  codes  possibles,  on  a  retenu  pour  1  'exper lment .at  ion  : 

-  deux  (Miles  ile  Reed  Solomon  dp  longueur  52  octets  corrigeant  l'un  2  octets,  1' autre  5  octets 
et  ent re  laces  2,  ^  ou  4  fois. 

-  1 ro is  codes  de  Kasam i  : 

*  mi  code  de  longueur  5(1  corrigeant  un  paquet  de  longueur  fl  ent reined  10(1,  125,  150  to  is  ; 

*  un  code  de  longueur  "54  corrigeant  un  paquet  de  6  erreurs  ent  reluct*  15(1,  175,  200  fois  ; 

*  un  code  de  longueur  77  corrigeant  un  paquet  de  longueur  5  ent re  lard  150,  200  et  250  fois. 

Ces  codes,  de  rendement  d£cro issant ,  nocessitent  un  pspace  de  garde  de  longueur  decro i ssante ,  tons  les 

aut  res  par*»miM  res  rent  ant  f  ixes. 

les  cas  etudi£s  sunt  resumes  dans  le  tableau  II. 

I  at*  lean  I  1  :  PAR  AMI  1RI  S  Of  S  1*1.11)1.  S 
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V  .  2 .  f  ssajji  drs  codes 

four  res  essais  un  codeur  a  » *  t  if*  const  ruit  an  If  III.  Avant  ri'exposer  les  r£sultats  relatifs  aux  essais, 
on  pr^sf’nte  la  real  isat  inn  des  operations  dr  codagp  et  decodage. 

'.2.1.  Codeur  “t  deeudeur 


les  deux  codes  sunt  ryeligues,  l'un  binaire  (code  de  Kasanil),  l'autre  g-aire  (code  de  Reed  Solomon), 
pour  I  egi  je  1  g  =  2  et  p  ^  0.  |e  codeur  realise  pennet  de  creer  ces  deux  codes  aver  un  choix  t  nNs 
eteridi)  d*‘  hairs  purumiM  res. 

I*  cm  reef  mn  de*  erreurs  »•!  le  decodar]e  sunt  realises  eri  logiciel. 

’  .2.7.  Inscription  *d  i  "ir.’ict  or  \  st  igues  do  codeur  V) 

It's  funrtmns  a  realiser  dans  le  codeur  sout  representees  sur  le  schema  fj('  la  figure  B. 

I  fs  parapet  res  des  nod*”,  et  lee,  pas  rl 1  ent  re  1  arement  n'etant  pas  dee,  grandeurs  f  lqees.  It'  codeur 
i  ete  ronrsj  de  f  ar;on  a  puuvuir  les  modifier  de  maniere  simple,  e'est  pnurguni  nous  nous  somnics 
orierites  vers  line  struct  ure  programmer  a  m ir roprncesseurs . 

four  eompenser  le  manque  de  rapidite  de  la  solution  retenue.  It1  systf’me  realise  est  un  multi- 
proresseur  compose  de  frnis  n  iernprocesseurs  pnuvarit  travailbo  s  i  mt  1 1 1  anement  . 

I  'architecture  du  i  adeur  est  representee  f  igure  9. 


1  es  unites  de  ealcul  1  et  2  (UC1,  IJC2),  ;tin:»i  (jin'  I ‘limit*  de  sort  if*  (IR.5)  sont  const  1 1 udi par 

nn  ni  ero-ra  1  n 1 1  at  eur ,  sns  -nemo  ires  RAM  do  travail  et  nr1:;  m£mo  1  res  RUM  do  programme  >tji  1 1  les 

:-u  i  i'r  ;  RAH  do  travail  du  codage  et  ont  re  lacement  Kasumi  ;  quand  1 1  one  est  uliljst*e  en  Venture 

par  Ofl,  l'autre  oat  utilistV  on  lecture  par  (JC2.  M  et  M_.  sont  affectdes  an  cucJo  Reed  Solomon; 

f  2a  2b  ’ 

lour  mode  do  fonct  lonnement  eat  lo  menu*  one  eelu.i  de  fl,  et  11.  . 

'  la  lb 

I  *unit£  de  ealcul  UC  5  commando  1' ensemble  du  codeur  de  fagon  quo  le  d£bit  d'  in  forma  t  urn  en  sortie 
rie  suit  pas  in interrompu. 

I  es  deux  m icro-cn Iculateurs  utilises  pour  la  realisation  du  codeur  or i t  616  r£alis£s  avec  des 
mcrnprucesseurs  de  la  famille  6000  travai l lant  sur  des  mots  de  8  bits.  Cette  technologie  1  unite 
la  taillo  des  symboles  utilisables  a  8  6  laments  binaires,  taille  adapt£e  dans  le  eas  present  pour 
!»’  code  do  Reed  Solomon.  I es  m^moires  de  codage  utilises  ont  une  capacity  de  4  096  octets,  ce  qui 
pormet  pour  ehaque  code  de  rtfaliser  des  trait  ements  codaqe-ent re lacement  sur  des  longueurs  maximales 
de  59  760  eb. 

1  es  possibilites  de  proqramrnat  ion  pc?rmettent.  d'obtenir  difftfrents  types  de  codage  sur  des  codes 
binaires  on  g-aires  tols  goo  q  =  2^  et  1  ^  p  8.  Chaque  bloc  de  calcul  peut  etre  programme 

de  deux  faqons  d  l  ft  ^rentes  : 

-  pour  la  q6n«*rut  ion  de  codes  binaires.  Dans  ce  cas  la  lonqueur  n  du  code  et  le  pas  d’entrela- 
cement  1  sont  limittfs  par  la  relation  : 

l.n  ^  52  760  eb 

-  pour  la  qt*nr*rat  inn  de  codes  q-aires.  Dans  ce  cas,  la  longueur  du  code  de  \  symboles  de  p 
Elements  binaires  el  I r  pas  d'ent re lacement  L  sont  lirnitds  par  la  relation  : 

1  .\  <2  A  096  :;>*r, holes. 

I  a  longueur  des  s\ mho les  p  est.  1  imitate  a  H. 

le  codeur  tftudn*  peut.  etre  utilise  dans  diff^rentes  configurations.  Les  deux  blocs  de  calcul 
peuv'Mit  etre  rendus  indtfpendants  et  les  pas  d '  entrelacement  rdqlables  peuvent  conduire  avec  L 
on  1  =  l  a  supprimer  1 '  ent  re  lacement .  Fnfin  tons  les  codes  d£finis  par  un  polynfime  q6n($rateur  et 
re.;p<»ct  ant  l es  rood  \  t.  ions  '1)  on  (2)  sont  programmables. 

!  version:,  pr i nc i pa  1 es  auxqnelles  le  uystfeme  pent  aboutir  sont  done  : 

-  g6n6r  d  ion  d’un  rode  binaire  .simple  on  entrelac£.  le  d6bit  binairo  maximal  est  alors  de 
l'ordre  ■  I#'  10  000  db  >.  ; 

-  q^n^rat  inn  d'un  rode  rj-aire  simple  on  ont  re  1  net*.  Le  dr*bit  binaire  maximal  est  alors  de 
I'm  lire  de  6  700  dl»/s  ; 

-  ji'>ri6r  it  m?i  de  > l»*‘ ix  codes  f,n  cascade,  pnt.rolnc6s  on  non. 

I  w'-f  !  {  KJI* 

e  ■•>!'>-  i  ■ . ;i*-i  i- et  it  it  i .  m  plusieurs  types  de  codage  sont  utilises  of  in  d '  on  determiner  le  meilteur. 
r  .  t  .  I’lif'di*  i  is  .  :]  ri«*  pf'ut  etre  envisage  dr*  construire  un  dbeodeur  programmable  comp to  lenu  de 
i  i  i  m-  p  | .  y  i » .<  ,  |  le  -cite  solution  conduirait. 

■  ■  f  est  done  effect. uf^e  par  ordinateur  a  I'aide  de  mfH  bodes  convent  ionne  1  les . 

s  <'•*!■  i  s  !<•  r:  u  r«M  t  i  riri  e:iplny6e  pour  les  rrortes  Reed  Solomon  esl  ]a  m^t  hnde  classique  commune  a 


It",  tl i ft drent es  dtapes  t'n  sunt  les  swivantes  : 

-  t'alcul  dpi',  cocf f ic ientii  du  syndrome  ; 

-  ddt erminat ion  du  polynbme  localisateur  d'erreur  ; 

-  calcul  (ie  l;t  position  o  t  de  l1  amplitude  tie  chacune  ties  erreurs. 

la  mdthode  de  correction  employee  pour  les  codes  de  Kasami  est  celle  du  "pidqeagp"  d'erreurs. 

Dims  son  principe,  pile  consiste  a  effectuer  des  rotations  successive:;  du  vecteur  regu  jusqu'a 
ce  t|ue  le  paquet  d'erreur  soit  contenu  dans  les  bits  de  redondance  ;  en  pratique  ces  rotations 
sont  effectudes  stir  le  syndrome. 

t .  3 .  Rdsul  tats 

Une  part  des  rdsultats  obtenus  est  rdsumde  dans  le  tableau  III  qui  reprdsente  1 ' estimation  la  plus 
pessimiste  de  In  correction  obtenue  par  les  meilleurs  codaqes  appliques  aux  cas  prdsentds  au  paraqraphe 
U  pour  l'dtude  des  repartitions  d'erreur. 

Un  a  reports  sur  ce  tableau  le  taux  d'erreur  avant  correction,  le  nombre  d'erreurs  isoldes  et  la 
longueur  du  bloc  errond  le  plus  lonq  qui  donnent  une  idde  de  la  distribution  des  erreurs. 

Les  deux  dernifcres  colonnes  donnent  le  taux  d'erreur  aprds  correction  et  le  gain  obtenu.  Lorsqu'il 
est  portd  f)  dans  la  colonne  probability  d'erreur,  cela  siqnifie  qu'il  ne  subsiste  aucune  erreur  dans 
le  bloc  de  1  million  de  bits  traitd  et  que  te  taux  d'erreur  est  infdrieur  h  ID'6. 

L 1 enreqistrement  12  qui  comport?  un  paquet  d'erreur  de  longueur  23  157,  du  a  une  desynchronisation  du 
modem  n'a  pas  dtd  pris  en  comptp. 

liur  23  cas  traitds,  les  rdsultats  font  ressortir  que  : 

-  20  ont  une  probability  d'erreur  aprds  correction  infdrieure  a  10  6  et  le  gain  apportd  par  le 
codaqe  est  supdrieur  d  100  ; 

-  1  cas,  le  cas  14,  a  une  probability  d'erreur  aprds  correction  dqale  h  5  10~6  mais  le  gain  du 
codaqe  est  encore  supdrieur  a  100  j 

-  pour  2  cas,  cas  18  et  13,  le  gain  du  codaqe  est  infdrieur  h  100.  Ces  cas  contiennent  des  paquets 
d'erreurs  de  longueur  maximale  voisine  de  700. 

Ces  rdsul tats  mettent  en  dvidence  1' importance  de  la  rdpartition  des  erreurs.  En  effet,  le  codage  permet 
de  corriger  certains  enregistrements  comportant  des  paquets  d'erreurs  pouvant  atteindre  963eb  (cas  17) 
sans  (|u'on  puiose  cependant  assurer  de  corriger  des  paquets  d'erreurs  de  longueur  infdrieure 
(cas  14,  18  et  19). 

V  I .  CONCLUSION  - 

les  rdsultats  de  cett.e  dtude  montrent  qu'il  est  possible,  ci  partir  de  la  rdpartition  des  erreurs,  dp 
t rnuver  pour  un  modem  auto-adaptat i f  des  codaqes  qui  effectuent  la  correction  tant  que  le  modem  demeure 
synchron i sd . 

les  codaqes  retenus  ont  un  rendement  de  0,55  et  permet tent  d'obtenir  une  liaison  de  qualltd  tdldinformatique 
a  600  bit/s  ii  partir  d'uri  modem  h  1200  bit/s. 

la  mdthode  prdscntde  pent  etre  appliqude  &  d'autres  types  de  modem  et  les  memes  codes  sont  utilisables  si 
la  rdpartition  des  erreurs  est  identique. 

let  te  dtude  a  dtd  rdalisde  dans  le  cadre  de  controls  de  la  Direction  des  Rechercties,  Etudes  et  Technique 
de  1  i  Ddldqation  Gdndrale  a  1 ' Armement  (Contrats  77/I0B5  et  80/34323)  qui  nous  a  aimablement  autorisde  a 
pub  tier  cet  article. 
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i:.  a.',  6  ♦  i  error  rales  per  block  are  seen,  These  measurements  ar'e  very  interesting  in  tiie  light  of  data 
transmission  protocol,  for  example  HDLC.  A  HdLC  protocol  with  a  maximum  Jala  length  of  lib  bytes  i normally 
found  in  data  exchange  networks)  would  never  work  satisfactorily  if  the  bit  error  rate  comes  from  statisti¬ 
cally  independent  errors  in  the  oruer  of  lOc-xpi-3)  hampering  the  throuput.  From  the  measurements  can  be 
deer,  that  up  to  au  percent  throughput  ate  possible  although  the  bit  error  rate  is  1Gexp(-2).  That  is  because 
of  the  greater  channel  capacity  of  burst  error  channels  (c)  that,  that  of  gaussian  channels.  Fig.  10  +  11 
give  at.  overview  of  the  measurements  with  error  rates  per  block. 

Conclusion 

From  the  results  is  seen  that  a  parallel  modem  with  FDPJK  and  rl-.C  is  capable  of  transmitting  titrates  up 
to  24uu  b/s  over  hr  links.  Further  studies  are  needed  to  investigate  suitable  data  transfer  protocols  for 
such  links* 
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lo  ug  this  in  every  modulation  cycle,  16  samples  of  use  2nd  synchronization  carrier  are  taken  to  approx  incite 
a  sinusoid,  fhe  approximated  values  are  filtered  ana  used  to  compute  the  frequency  difference.  A  digital 
controlled  oscillator  (DCG)  uses  this  difference  to  automatically  compensate  for  the  frequency  error. 

b  of  the  samples  are  taken  for  a  FIT  to  compute  the  phase  (0  or  180  degrees)  of  the  synchronization  carrier 
bearing  the  call  information.  The  interpretation  of  the  call  information  and  the  corresponding  call 
procedure  is  realized  in  the  central  mode  control  processor. 

i'lie  measuring  of  frequency  and  phase  for  the  AFC  and  call  procedure  is  implemented  in  a  microprocessor  8085. 
FEC  -  forward  Error  Correction 

In  HF  channels  the  bit  error  rate  is  considerably  higher  than  in  other  channels,  for  example  wire  links, 
ibis  is  the  reason  for  introducing  error  correction  procedures  in  the  iriodem.  There  are  in  principle  two 
solutions  to  this  problem,  the  first  is  ARo  and  the  second  FEC  (5,6).  The  AHG  is  more  related  to  the 
procedure  in  the  LTE  (data  terminating  equipment)  and  normally  implemented  there,  therefore  FEC  was 
chosen  for  the  modem.  The  needed  redundancy  is  accomodated  in  added  carriers.  The  HF  channel  is  a  typical 
burst  error  channel  resulting  from  fadings.  A  suitable  FEC  code  has  to  counteract  this.  The  used  FEC  code 
Is  able  to  correct  burst  errors.  It  is  a  convolutional  code  with  rate  R  -  (N-1)  /  N  -  3/A  with  a  burst 

error  correction  capability  of  N  •  X  =  4  •  X.  X  is  a  variable  parameter  (diffusing  factor)  and  controls 

the  cos train th  length.  The  information  and  redundancy  bits  used  in  decoding  and  correction  are  diffused 

in  time.  A  schematic  representation  of  the  coder  and  decoder  is  seen  in  Fig.  A.  Each  of  the  parallel 

channels  is  provided  with  FEC,  that  means  the  error  correction  is  not  done  in  the  high  data  rate  of 
c4o0  b/s  but  in  the  modulation  rate  of  50  b/s.  In  this  case  the  correcting  ability  is  better  because  of 
the  shorter  bursts  in  the  slow  channels.  The  advantage  exists  due  to  the  behaviour  of  the  selective  fadings 
which  sweep  through  the  transmission  band  and  have  shorter  influence  on  each  channel  (7). 

remote  Control 

(he  modem  is  programmable  via  an  IEEE  488  bus.  It  is  possible  to  control  all  front  panel  and  internal 
switch  settings.  Furthermore  internal  modem  status  can  be  transmitted  to  the  bus  controller. 

.ius  enables  the  modem  to  operate  in  controlled  radio  stations,  where  a  change  of  internal  parameters 
ana  remote  control  are  needed. 


rrlocxdiagra::.  of  the  I'odem 

A  biocxuiagram  of  the  modem  is  howji  in  rig.  5.  The  Interface  to  the  iuTE  corresponds  to  CCITT  V.2A. 

rirstly  the  transmission  path  is  described.  From  the  interface  (EAE)  the  data  is  fed  to  the  FEC  and  phase 
coder-  r FO ) .  on  the  EAE  module  a  processor-  > 8749 )  controls  the  V.2 A  interface  and  the  control  to  the  HF 
equipment  and  contains  various  functions  for  blit  (built  in  Test  Equipment).  The  FEC  and  phase  coder  is 
implemented  in  a  microprocessor  ooei  and  controls  the  transmission  signal  processor  (SSP)  providing  this 
processor  with  ’  he  computed  j  liases  through  LMA  in  every  modulation  cycle.  Through  a  iVA-converter  and  a 
low  pass  filter  with  matching  to  the  radio  transmitter  (EAF)  trie  signal  leaves  the  modem. 


ihe  receives  signal  is  passes  from  the  catch.ng  circuit  and  AFC  (EAF)  to  the  group  filters  with  delay 
lime  compel. sat ior.  ,-jhr  >  and  then  to  the  gain  control  amplifiers  and  A/b-converters  (ADW).  The  division 
ol  ihe  voice  band  into  fo.r  groups  taxes  a  burden  off  the  correlators  and  decreases  the  effects  of  selective 
ladings,  in  the  reception  signal  processor  lEOi )  the  correlation  is  done  (multiplication  and  integration). 

.lie  computed  phases  are  transferred  to  ihe  pnase  and  FEE  decoder  (frb)  through  DMA  in  every  modulation 
oycle.  This  is  also  implemented  it.  a  -juo5.  ihe  decoded  data  are  transmitted  to  the  PTE  via  the  V.2A  inter¬ 
lace  iEAEi. 

.he  signal  for  • ne  synchronization  i-  fed  through  a  narrow  band  filter  and  demodulator  (JYN)  to  the  digital, 
low  p  ass  filter  »n  the  central  mode  control  processor  (83T).  This  processor  controls  the  reception  clocks 
it.  the  min  ■  E.ox  , •••ner.it or  , i.T  ).  ihe  carrier  ir.  the  grid  t arrow  band  filter  ( Si'N )  is  modulated  with  the 
oi...  ir.lora'  :  .s  i.so  .oed  ior  Al  l.  Trie  demodulation  of  the  call  is  done  by  means  of  a  FFT  (RSK), 

imp  iemeht e.r  a  ::5.  .he  t re.juoncy  iitTerence  delta  f  cor.trols  a  digital  oscillator  (bCo)  on  the  AFC  module 


loi-  t  r.e  freqo>;r.L>  sr.ift  vFAr). 


.ili  'he  oor/roi  ;  Uo  . :  he  various  mooes  etc.)  arid  trie  call  procedures  are  also  realized  in  a  8o85  (BSD . 


IdCor'd'.  cry  Measure."  ,en‘  s 

Fig.  6  s.nows  tr.e  tit  error  rate  with  and  without  FEC  (additive  white  gaussion  r.oise)  at  various  data  rates 
a..f  lot'  ■  he  call  otdUii.ei . 

-hese  li'  error  rates  ccrresp.ot.d  to  other  modems,  for  example  on  wire  links.  The  theoretical  curve  is 


r  lei J  .ests 

i lie  resalts  are  from  *wo  distinct  iinxa,  Ao  ar.J  12U)  xm.  The  transmitter  power  was  switchable  between 
7 .  :cnd  Ax  watt,  ihe  used  antennas  were  wide  band  dipole,  frame  ar.tcnna  and  whip  antenna.  The  average  bit 
error  rate  was  between  lue>x;.— 2  and  luexp-3.  The  results  are  divided  into  error  structure  measurements  and 
measurements  of  average  bit  error  rate.  The  figures  show  a  selection  ol  the  measurements. 

From  trie  diagram  of  the  error  free  gup  distribution  (Fig.  7)  it  is  seen  that  the  chai.nels  are  fading 
channels  with  burst  errors,  i.e.  the  errors  are  statistically  dependent  (7);  curve  1  shows  the  statistically 
muepierident  distribution  with  the  same  bit  error  rate.  The  steep  declinations  in  curve  II  are  from  the 
often  or  too  often  occuring  error  free  gaps.  From  this  behaviour  the  diffusing  factor  of  the  Fro  car,  tv 
derived.  In  the  development  phase  of  a  modem  such  measurements  are  useful  to  determine  the  behaviour  of 
distinct  carriers  or  of  the  demodulation  procedure. 


vs-: 


rcr 


;  vine ip ie  of  Lemodglaiiou 

VL-Cuxiii  ig  li.e  information  bits  thu  phases  of  the  carriers  must  be  measured  arid  the  phase  difference 
■tv:,  two  adjacent  carriers  computed,  r iltering  of  the  carriers  is  too  complicated  because  of  the  small 
Vivnce  ii.  frequency.  i’herofore  a  correlation  tecrinique  is  introduced,  needing  orthogonal  carriers, 

*  :.o  o-u  rit-rs  nave  to  be  a  multiple  of  a  common  fundamental  frequency .  This  fundamental  frequency 
i is-~  ’.no  cuT'orence  between  the  carriers,  see  Fig.  3. 

the  incoming  sut  of  carriers  is  rriulitplied  by  the  -quadrature  components  of  the  reference 
j  uni  ’.ho:,  integrated,  i'he  multiplication  causes  sums  and  differences  of  the  different  frequencies 
:v  >.wtnq.  o:.ui  vlr.u  disappear  through  tiie  integration,  when  the  integration  time  is  equal  to  the 


i  ..ruuMontal  l  reqaency ,  see  iig.  d. 


livqdt-ncies ) ,  oc  lie  differer.ee  \v  ig.  3) 

.  syuvhroniuut  ior.  channels,  -•  rhe  charnels 


u ry  Wren  »CsX-  L/S  ai.'.i  c-A-  L/ s  -.e-A.  tv's  jLwayj  with  r ) 

ta-<j  :\wj‘ ilatx «-•:’*  rate  \.iata  and  taxi  channel] 

l  a  i  sample  rate  1  -j»J.  rths 

■  s*.  synchronisation  carrier  for  timing,  -  -ury  id K 

.to..  ;:a*. ion  carriei •  i 'or  Ai*  '  ar .c  so  1  •- -c t i\\-  cal l ,  d-ary  i  dK 

oOnvoi.it iOnai  coding  in  the  parallel  channels 

.  ruto:  3  =  3/4  a.::  ...  factor  >*.:  7  [  rograixied  values 

mva-iao  dal.  lerminal  equipment  .'dli'i  V.34/X.21  bis 

s.ari^o  to  radio  equip  met.  t  signal  :  0  db,  600  oiim,  balanced 

CO! .  uvl:  open  collector 

»  : j  .r. .  I  the  ,’ai  Tiers 

.an  iers  ire  generate.:  digit a-ly  it.  a  signal  processor.  In  time  intervals  of  t>  1  tr4.crusecot.iis  (sample 
:  ij.  :  r.iiz)  the  phases  a!'  til  34  carriers  are  computed  and  the  corresponding  amplitudes  added.  The 

values  of  the  xipiivude  are  stored  in  a  look-up  table,  a  ROM  with  3 ix>  addresses.  The  signal 
.  :  css  .r  us  well  as  *:.e  processor  for  the  correlation  is  realised  in  discrete  fit  intonated  circuits, 
liscrij  tun  is  louse  m  \4j. 


. :  ..  wot v;  every  s  roscribor  lias  to  be  selected,  one  solution  is  to  have  as  many  frequencies  as  sub- 

si  ni'.rj.  .his  is  not  ec -monacal  because  of  the  lisa  to  J  n  infer  of  chani.els  and  the  taatiy  users  in  the 
ban.:,  set  ore  data  transmission  cornronces  the  receiving  station  has  to  be  synchronized,  for  example 
«'f :.  a  i  tvarible.  if  this  preamble  carries  subscriber  information  la  culling  number) ,  a  network  can  operate 
a  u.iy  one  ire  ; ocncy .  Ir.e  selective  call  in  the  modem  cat.  be  used  in  broadcast  mode  as  well  as  in 
u.riex  a:.:  naif:.;  rex  i: 4  leg  a:....  l.alfduplex  ar.  Abe  protocol  is  used  (automatic,  repeat  on 

,cst  :  .  in  tne  call  procedure  trans::.ission  of  cor.troi  data  is  possible,  m  order  that  the  called  modem 
..  :.c  ( toy:  billed  to  the  mode  set  ting  ol  the  c a .  I  i  n  modem. 

.he  tailing  proced  ;re  .sos  only  two  of  the  carriers,  the  aynchi'or.izatior.  carriers,  hie  transmission  data 
rate  is  to  b/s  .see  Fig.  3).  because  of  the  separate  call  channel  the  data  channel  remains  transparent. 

As  in  data  t ransrassion  the  u.e  carrier  is  isod  to  synchronize  the  timing  of  the  modulation  cycle,  i'he 
cCnt/i1  carrier  is  .--ary  ;  r.ast  modulated  with  the  call  information,  The  docodit.g  is  done  with  Ft T  (Fast 

q...  .lotion  oycle 

..  j .  :  ■  : .  U.C  sy.u  l.roni.iit  loi.  could  nc  doi.e  with  every  t  wo  .tj... ■„; .  t  c.irriers,  but 
,  ■.  iioittcu  ana  is  not  necessary,  ihe  go  rr\l  space  rFi-  .  3)  between  modulation 
*  he  ...rruers  *  ,  he  ..  i.  hi  i  wnen  nivisuremc  nt.  cuiurrences.  io  decode  without  on  sirs 
be  n-xitalely  m  tin;  centre  of  the  guard  space,  iherefore  U.e  synchronization 
...d  i  ll.  lent  . 

airier,  binary  jliase  snif  Xe-yed ,  is  filtered  in  a  narrow  band  pass  wit.h  ■  :iz  taiid- 
t:.er.  c.cc.uted.  . ro  i.rossin.  s  ol  ’  nis  envelope  is  very  distort  ed  because  of  the 
r  ...rriers  ar.u  'he  .:  i.  gort  ion  m  'tie  ;ir  medium.  I'ius  is  compensated  in  a  iuw  pass 
■  may  time  it  «-•  io  .  .he  f.ew  pass  filter  is  realized  m  software  in  tile  central 

r . 


s  .  ,  tim.j  .e  relies  or.  tire  orthogonality  ol  the  carriers.  It  is  thus  important  that  in  ttie 

v  i  .  .i  ‘  ■:  'he  Art'  .Automatic  Fre  ;  iot.<  y  'borrectior.  r  c.umpcrrsates  for  the  frequency  si  rift  of 
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SUMMARY 


Alibi!.  the  frequency  band  of  a  HF-charmel  (3  kHz)  the  phase  distortion  is  tinievariable  and  of  a  considerable 
size,  in  this  environment  it  is  advantageous  to  use  FDPSK  (frequency  differential  phase  shift  keying)  for 
transmission  instead  of  TDPSK  (time  differential  phase  shift  keying).  In  FDPSK  the  information  is  trans¬ 
mitted  as  the  phase  difference  between  two  synchronized  carries  of  different  frequency.  When  they  only 
have  a  small  frequency  difference  (e.g.  60  Hz)  both  are  exposed  to  the  same  phase  distortion  of  the  HF- 
cha.ni.el.  With  an  appropriate  demodulation  method  this  phase  error  therefore  can  be  cancelled. 

The  modem  described  uses  for  transmission  2400  bit/s,  which  are  modulated  on  24  +  2  parallel  subcarriers. 

With  the  addition  of  the  FEC  Code  (convolutional  code  R  =  3/4),  the  number  of  subcarriers  is  increased 
by  8.  Two  channels  are  used  for  synchronization  -  one  for  the  synchronization  of  the  Modulation  Cycle 
(50  Baud  =  20  ms  Modulation  cycle)  and  one  for  the  AFC  (Automatic  Frequency  Control)  in  1/7  Hz  increments. 

.he  frequencies  are  a  multiple  of  60  Hz  and  are  also  spaced  at  60  Hz  which  means  that  they  are  orthogonal, 
ihis  is  important  for  the  method  of  decoding  in  the  receiver. 

Ot.  the  transmitting  side  the  different  frequencies  are  generated  by  means  of  a  Look-up  Table.  Ihe  oscillators 
are  represented  by  memory  positions  which  contain  the  momentarily  phase  changes  of  the  respective  frequencies, 
ihe  calculation  of  the  phases  of  all  frequencies  is  done  constantly  at  a  sample  rate  of  19,2  kHz. 

un  the  receiving  side  several  synchronisation  and  control  loops  are  required.  Firstly  a  possible  frequency 
offset  due  to  frequency  changes  over  the  HF-link  or  because  of  the  radio  equipment  themselves,  must  be 
cancelled  out.  Then,  by  means  of  a  Software  low  pass  filter,  the  modulation  cycles  (20  ms)  are  synchronised. 
The  received  signal  is  subdivided  into  4  groups  so  that  independant  amplitude  regulation  could  be  dene  in 
each  group  (selective  fadings)  and  to  take  the  burden  off  the  correlators. 

Ihe  phases  of  the  respective  frequencies  are  detected  by  means  of  correlation.  The  sum  of  frequencies  in 
each  group  is  multiplied  with  a  reference  frequency  which  is  generated  internally  and  then  integrated. 

Because  of  the  orthogonality  of  the  frequencies,  all  products  dissapear  after  integration  (T  =  1/60  = 

16  273  ms)  except  the  cosine  of  the  wanted  frequency.  This  calculation  has  to  be  done  for  each  frequency 
m  every  modulation  cycle  (20  ms). 

rur  the  operation  in  networks,  the  modem  has  got  a  selective  calling  feature.  The  calling  procedure  is 
either  Simplex  of  Halfduplex  and  is  a  special  "calling  channel"  with  phase  modulation  and  a  data  rate 
of  50  Bit/s  (also  50  Baud).  The  decoding  of  this  calling  channel  is  done  by  means  of  a  FFT  (Fast  Fourier 
Iransform)  in  a  8035  microprocessor.  The  AFC  (Automatic  Frequency  Control)  values  are  at  the  same  time 
calculated  in  this  3085. 

Measurements  were  done  over  two  different  Hr  links  (40  km  and  1200  km).  Wideband  dipole  antennas  and  a 
frame  antenna  were  used.  Che  power  output  of  the  HF  radio  equipment  was  switchable  between  70  and  400  Watt. 

Ihe  measured  error  rates  were  in  the  order  of  magnitude  1  X  10exp-02  to  1  X  10exp-03.  With  the  inclusion 
of  the  FEC  those  error  rates  could  be  improved  to  1  X  10exp-03  to  1  X  10exp-05. 


ir.iruiluctiQr, 

.he  hr  medium  is  known  to  be  very  unfavourable  for  transmission  of  information,  esspecially  digital 
information.  Ihe  changing  ionisation  of  the  ionosphere  causes  multipath  propagation.  The  receiver  in  a 
hr  link  .has  to  tope  with  great  changes  in  propagation  delay  time,  fadings  and  phase  shifts  of  the  signal, 
therefore  until  today  those  effects  were  solved  with  a  corresponding  modulation  rate,  i.e.  a  modulation 
rule  up  to  too  baud,  rot-  higher  titrates  the  transmission  in  parallel  channels  was  used.  Modems  had  been 
constructed  for  24oo  b/s  with  rui'.IK  (frequency  differential  phase  shift  keying)  (1,2)  or  alternatively 
with  Ibi'SrI  (time  differential  phase  shift  keying)  (3).  The  latter  are  used  for  example  in  LIIIK  11. 

Is,  recent  times  single  tone  modems  are  in  uevelopement.  They  operate  with  special  adapting  algorithms  to 
counteract  the  mfluer.ee  of  the  HF  medium.  In  this  paper  a  parallel  modem  is  introduced  with  rbPSK  and 
rcIC  (forward  error  correction). 

.bPoK-rDPSK 

in  I  DISK  the  information  is  coded  in  the  change  in  phase  of  any  carrier  from  modulation  cycle  to  modulation 
cycle,  ihis  application  (normally  named  DP3K)  is  often  used  in  modems  for  wire  links  ana  gives  good  results, 
on  Hr  links  there  are  phase  changes  of  the  carriers  from  the  known  effects.  These  phase  changes  cause  errors 
in  the  information  bits  if  they  exceed  a  specific  value.  Fig.  1  shows  the  behaviour. 

in  rbPSK  the  information  is  coded  in  the  phase  difference  of  two  carriers  in  the  same  modulation  cycle.  If 
the  adjacent  carriers  are  close  enough  to  each  other  (a  frequency  difference  of  some  10  iiz)  they  would  have 
the  same  distortion,  the  same  phase  changes.  Since  these  absolute  phase  errors  are  approximately  the  same 
in  the  two  adjacent  carriers  they  are  cancelled  by  the  computation  of  the  difference.  This  is  the  advantage 
of  FDPSK  above  I  DISK,  m  which  case  the  phase  errors  are  not  compensated  for.  In  FDPSK  n+1  carriers  are 
needed  to  transmit  r.  information  channels  in  a  parallel  system,  one  data  carrier  being  the  reference  for 
the  next. 


discission 


\. Schneider.  I  S 

\\  In  did  >1111  choose  kasami  codes  rather  than  I  ire  codes  '  I  he  l  ire  codes  are  known  in  he  hiclih  cliectivc  burst  error 
conccttne  eoiles  and  reasonable  simple  to  decode.  In  relrorespeel.  was  die  choice  jusl i lieel  / 

Keponse  d‘  Auteur 

(  ette  question  est  ties  inleressante.  I  es  codes  de  I  ire  soul  eHeelivemenl  bicn  eonnus  pour  leurs  pmpneles  de 
correction  de  pai|uets  derreurs,  mais  si  on  compare  la  valeur  du  parametre  i|ue  j'ai  mtroduit  on  constate  qu'il  est  plus 
petit  pour  les  codes  de  kasami  i|ue  pour  les  codes  de  hire.  I  es  codes  de  kasami  possedent  les  plus  petit  /  partlli  les 
codes  eonnus.  cc  sont  done  les  meilleurs.  I  es  codes  de  hire  son!  utilises  puree  que  lent  decollate  est  relativement 
simple.  I  es  codes  de  kasami  soul  dcs  codes  eveltques  raceoureis  qui  se  decodent  heaucoup  plus  diHicilctncnl.  I.a 
methode  elite  du  pteceacc  d  erreurs  est  applicable  cn  ulilisanl  le  poknome  de  recurrence  reeiproque.  mais  eela  conduit 
de  ionics  taqous  a  des  calcuk  importants.  ( )n  s'est  oriente.  lintilement  set  s  une  methode  de  decodace  statistique.  Nous 
avoirs  done  retetiu  les  eoiles  de  kasami  pour  deux  raisons:  la  premiere  parce  i|ue  ee  sont  les  plus  puissants  que  nous 
connaissons.  ct  le  seconde  parce  que  le  debit  a  tracers  le  canal  I  IK  est  lelativement  lent,  ee  qui  laisse  aux  technicieils 
sulisamment  tie  temps  pour  elleeluer  les  caleuls  de  deeodace. 
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DISC  I  SSION 


L.YV. Lamport,  (ic 

Volt  pointed  out  that  you  intended  to  use  H  (  on  the  single  earner  instead  of  on  the  total  bit  stream.  Do  you  feel  that 
this  is  a  most  promising  way  to  go? 

Author’s  Reply 

Yes.  1  think  so.  because  selective  fading  over  1 0(1 1 1/  or  200  1 1/  will  be  smaller  and  will  travel  through  the  band,  and  the 
influence  in  a  slow  bit  stream  of  50  bits  s  will  not  be  so  long  in  bit  times. 


K.VV. Lamport,  (ic 

Can  you  give  your  personal  feeling  how  much  improvement  there  will  be. 


Author’s  Reply 

Two  weeks  ago  we  started  measurements  on  a  300  kms  link,  and  we  saw  the  improvement  due  to  FEC.  The  results  are 
too  few  to  give  statistically  reliable  answers. 


TRANSMISSION  DE  DONNEES  SERIE  A  GRAND 
DEBIT  SUR  CANAL  HF 
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Socid te  TRT ,  BP  21,  92350  LE  PLESSIS  ROBINSON,  France 


Rd sumd 

Le  modem  decrit  utilise  une  transmission  serie  et  un  egaliseur  auto-adaptatif  pour 
corriger  les  distorsions  de  propagation.  II  permet  des  transmissions  de  donndes  au  debit 
maximal  de  2400  b/s  aussi  bien  en  mode  continu  qu'avec  des  messages  brefs  de  durde  nomi- 
nale  1  seconde . 

La  communication  proposde  comprend  3  parties  : 

.  La  premiere  est  une  description  des  caractdristiques  du  modem  et  des  traitements  de 
signal  appliques. 

.  La  seconde  partie  correspond  a  1 ‘evaluation  des  performances  en  laboratoire .  Les  mesures 
effectuees  se  rapportent  a  des  essais  en  propagation  multi-trajet  simulee  ou  avec  deca- 
lage  de  frequence. 

.  La  derniere  partie  est  consacree  aux  essais  effectuds  sur  une  liaison  de  500  Km.  Les 
resultats  de  ces  essais  sont  Analyses  sur  calculateur,  ce  qui  permet  de  presenter  les 
resultats  sous  forme  de  statistiques  a  court  et  long  terme . 


1 .  INTRODUCTION 

Les  distorsions  dues  A  la  propagation  ionospher ique  (interferences  entre  symboles, 
evanouissements  sdlectifs),  limitent  la  vitesse  de  modulation  des  transmissions  de  donndes 
dans  la  gamme  de  2  A  30  MHz.  L'obtention  d'un  ddbit  dlevd  necessite  1 ' utilisation  de  trai¬ 
tements  aptes  A  toldrer  les  effets  des  trajets  multiples. 

Cet  expose  ddcrit  un  modem  capable  de  transmettre  des  donndes  jusqu'd  un  ddbit  de 
2400  b/s  avec  un  spectre  radioe lectr ique  dont  la  largeur  est  infdrieure  A  3  kHz. 

La  transmission  est  du  type  serie  et  la  vitesse  de  modulation  est  de  1350  bauds.  Les 
distorsions  introduites  par  les  trajets  multiples  sont  compensees  par  un  Egaliseur  auto- 
matique.  La  mise  en  oeuvre  d'une  demodulation  cohdrente  rendue  possible  par  le  traitement 
auto-adaptatif,  permet  d'accroitre  de  3  dB  la  protection  du  modem  vis  A  vis  du  bruit. 

Ce  modem  est  congu  pour  des  liaisons  effectuees  avec  refraction  ionospher ique  et 
dispose  de  2  modes  d ' exploitation  : 

-  un  premier  mode  permet  de  transmettre  des  donndes  A  un  ddbit  moyen  de  600  -  1200  ou 
2400  bits/s  avec  des  messages  brefs  de  durde  nominale  1  seconde. 

-  un  second  mode  permet  la  transmission  continue  de  donndes  A  un  debit  de  600  -  1200  ou 
2400  bits/s  ;  ce  mode  est  utilisable  en  particulier  pour  la  transmission  de  la  phonie 
numerisee  par  un  vocodeur. 

2 .  TRANSMISSIONS  DE  DONNEES  EN  HF 

2 . 1  Problemes 

Dans  la  gamme  des  ondes  decametr iques ,  la  propagation  s'effectue  par  refraction  des 
ondes  dans  les  couches  ionisees,  principalement  les  couches  E  et  F2.  La  multiplicity  des 
couches  et  les  caractdristiques  d‘ ionisation  font  qu'il  existe  f ryquemment  plusieurs  tra- 
jectoires  susceptibles  d'assurer  simultanyment  la  liaison  radioe lectrique  entre  l'emetteur 
et  le  rycepteur.  Ces  trajectoires  etant  de  longueurs  diffyrentes,  la  reponse  du  canal  A 
une  Impulsion  comporte  plusieurs  impulsions  dont  la  dispersion  peut  atteindre  5  ms.  Ces 
trajets  multiples  provoquent  en  transmission  de  donndes  le  phdnomdne  d ' inter fyrences  entre 
symboles  et  peuvent  engendrer  des  evanouissements  sdlectifs. 

La  mobility  des  couches  ionisdes  rend  les  conditions  de  propagation  non  stationnaires 
et  affecte  le  signal  regu  d'un  effet  Doppler  dont  la  frequence  est  de  l'ordre  de  quelques 
dixiemes  A  quelques  Hertz. 

2.2  Solution  proposde 

Pour  exploiter  au  mieux  un  canal  de  transmission  affectd  par  des  evanouissements  sd- 
lectifs,  il  importe  de  rdpartir  1 1  in  format  ion  A  transmettre  dans  la  bande  passante  dispo- 
nible.  Ainsi  une  ddgradation  localisde  du  spectre  n'entraine  pas  la  perte  irremd^iable 


J1  .me  part  10  do  1 ' information  transmise.  Une  transmission  de  donnees  sous  forme  seric  avec 
tine  v  it  esse  de  modulation  do  l'ordre  de  la  moitie  de  la  bande  disponible  realise  la  dilu¬ 
tion  de  1 ' information  sur  la  totality  de  la  bande  disponible. 

Les  tra jots  multiples  provoquent  des  interferences  entre  symboles  qui  limitont  sdve- 
ren.ent  la  gualite  du  signal  regu.  La  degradation  du  taux  d'crreur  est  d'autant  plus  impor- 
tante  •  iue  la  vitesse  de  modulation  est  plus  elevee.  Ces  interferences  peuvent  etre  redui- 
tes  on  utilisant  la  technique  de  legalisation  du  canal  de  transmission. 

2 . 3  Car act e r i s t agues  fonctionnelles  du  modem 

Los  principes  do  base  concernant  la  modulation,  la  demodulation,  la  structure  dc 

1  '  e  ;.a i  isour  et  l ' insertion  d ' une  sequence  de  test  pour  assurer  la  convergence  de  l'algo- 
ri'hme,  ont  ddja  etc  decrits  dans  un  article  precedent  (1),  ainsi  que  les  performances 

o  b  t  o  n  uo  s  (  2  )  . 

Les  caracteristiques  nouvelles  apportees  a  ce  modem,  outre  1 ' augmentation  du  debit 
a  2400  bits/s  et  les  deux  modes  de  fonctionnement  proposes,  provienncnt  dc  1 ' accroissement 
de  la  rapidite  des  prises  de  synchronisation  et  de  la  diminution  du  temps  de  convergence 
de  l'egaliseur. 

Ceci  a  ete  rendu  possible  grace  a  1 1 uti 1 isat ion  d'un  microcalculateur  spdcifique  qui 
permet  de  realiser  les  principales  fonctions  complexes  du  demodulateur . 

Princi oe  de  la  s vnc hr on isat ion 

Le  modem  auto-adaptatif  comporte  trois  types  de  synchronisation  : 

-  la  synchronisation  message  qui  determine  la  position  de  la  sequence  de  test, 

-  la  synchronisation  primaire  qui  reconst ituo  1 'horloge  a  partir  des  donnees  rogues, 

-  la  synchronisation  en  frequence  qui  permet  de  corriger  en  frequence  les  donndos  regues. 

I.u  sequence  de  test  est  un  message  pseudo-aleatoire .  La  phase  de  celle-ci  est  retrou- 
par  correlation  qui  determine  la  position  de  la  sequence  qui  correspond  au  tra jet  maxi- 
:  il  ,ie  la  reponse  percuss  ionne  1  le  . 

Vn  surecl.ant  i  1  lonnage  d'ordre  4  permet  d'augmenter  la  precision  dans  1 '  est  irnat  i  on 
in i t  ia le  de  la  phase  de  in  sequence  de  test,  et  permet  aussi  d'augmenter  la  rapidite  de  la 
sync!',  r  on  isat  ion  primaire. 

La  synchronisation  en  frequence  est  ussurec  par  un  usservissement  entierement  nume- 
:  Lque  tra it ant  les  signaux  regus  apres  legalisation.  L' deart  en  frequence  maximal  admissi¬ 
ble,  .Tit  re  la  porteuse  emission  ct  la  porto use  reception,  peut  atteindre  75  Lz. 

2 . 4  caracteristiques  techniques  du  modem 

Les  caracteristiques  techniques  du  modem  sont  les  suivantes  : 

Debit  :  000/ 1200/2400  bits/s 

Modes  :  transmission  continue/transmission  de  messages  brefs 
Modulation  :  I'SK  (2  ou  4  phases) 

Vitesse  de  modulation  :  1350  Bauds 
oOmodukit  ion  coho  rente 
beta  l  isat  ion  udaptat  ivc 

heart  de  frequence  admissible  :  +  73  Hz 

Interface  me  Mmettour-Receptcur  :  frequence  audio  (300  -  3000  Hz) 

Interface  avec  Terminal  de  Donnees  :  Avis  V24  -  VI]  du  cC ITT 

3  .  cOALO/Yi'  I1  DHL  PHRLORMANiM^  11N  yUjORATOlRL 

3  .  1  Met  bode  de  , -to  sure 

L '  e  va  1  uu  t  i  on  des  pi  rfonuncos  du  modem  <n  lalioratoi  re,  c  etc  faite  ivec  un  banc  de 
me  sure  simulant  une  proprui.it  ion  i  onosphe  r  ique  dont  les  perturbations  sont  engendrOes  par  : 

-  du  brill  ,  ldditif  blanc  - ‘ 1:  gauss  ion 

-  di'S  tra  jets  multiples  addififs 

-  1'  iljonetion  d'un  (Idea  1  age  on  frequence 

; ,« '  s  p-  ■  r  romances  sont  eva  1  udes  par  la  me  sure  du  taux  d' or  rears  moyen  sur  la  liaison, 
it  e.  jmpu  lV" r.'s'c  la  I'Hirb"  thr'orique  d’uno  transmission  de  donnees  en  modulation  PSK  a 

2  i  'U  4  (•  tats  d"  phase  . 

d  i. ;  fi- 1’ ',n  t .  con  f  i  gu  r  a  t  ions  if  prop  a  nation  ch'  is.ies  pour  tester  les  performances 
s  sc  1  -  ■  s  iiii’int'-;;  : 

-  s  in  il  Hirin' a.  r  ijct  ivoc  liruit  tddiitf,  ivee  et  s  ms  lecalaao  en  frequence 

-  canal  f  ix"  uvee  l  fr.ijets  d'  amplit  ,  i  ■  <’  tale  .  t  l,ruit  add  it.  if  (sans  dec  a  1  age  en  frequence). 
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Le  retard  diffdrentiel  valant  2  ms  dans  le 
periode  de  modulation  (T/2  =  0,37  ms)  pour 

-  canal  variable  avec  2  trajets  (l'amplitude 
du  ler  trajet  selon  une  loi  sinusoidale  de 
sont  les  memes  que  pour  le  canal  fixe. 

3 . 2  Resultats 


cas  d'une  transmission  continue,  et  une  demi- 
la  transmission  de  messages  brefs. 

du  2&me  trajet  variant  entre  0  et  l'amplitude 
frequence  1  Hz).  Les  retards  differentials 


Les  courbes  montrant  la  variation  du  taux  d'erreurs  en  fonction  du  rapport  signal  & 
bruit,  sont  donndes  dans  chacun  des  cas  d 1 ut i lisation  du  modem  (transmission  continue  ou 
messages  brefs,  vitesses  :  600  -  1200  ou  2400  bits/s). 

Les  courbes  obtenues  pour  chacune  des  configurations  de  propagation  proposde,  sont 
donndes  figures  1  d  3. 

II  est  &  noter  que  la  mesure  du  rapport  signal  &  bruit  a  dtd  effectude  en  frequence 
intermddiaire  ;  done  dans  le  cas  d'un  canal  a  2  trajets,  la  puissance  mesurde  correspond 
£  la  somme  des  puissances  de  chacun  des  trajets. 

Pour  chacun  des  cas  d ' utilisation ,  la  quality  d' dgalisation  vis  &  vis  du  bruit,  est 
mesuree  par  l'ecart  entre  la  courbe  thdorique  (courbe  0)  et  la  courbe  expdrimentale 
(courbe  1 )  . 

La  degradation  apportde  par  la  presence  d'un  trajet  secondaire  d'dgale  amplitude  est 
determinee  par  l'ecart  entre  la  courbe  expdrimentale  obtenue  dans  le  cas  d'un  canal  fixe 
a  2  crajets  (courbe  2)  et  la  courbe  1. 

La  degradation  suppiementaire  resultant  de  la  variation  en  amplitude  du  trajet  secon¬ 
daire  correspond  &  1' dcart  entre  la  courbe  expdrimentale  obtenue  dans  le  cas  d'un  canal 
variable  a  2  trajets  (courbe  3)  et  la  courbe  2. 

Ainsi,  pour  une  transmission  continue,  on  constate  les  rdsultats  suivants  : 

-  la  qualite  de  legalisation  est  voisine  de  0,5  dB  pour  les  debits  1200  et  2400  bits/s. 

-  la  degradation  apportde  par  la  presence  d'un  trajet  secondaire  d'amplitude  dgale 
(retardd  de  2  ms)  est  voisine  de  4  dB,  pour  les  3  debits  600  -  1200  et  2400  bits/s.  La 
puissance  prise  en  compte  pour  mesurer  le  rapport  signal  &  bruit  dtant  celle  des  2  tra¬ 
jets,  cela  signifie  que,  ramend  h  la  puissance  d'un  seul  trajet,  la  degradation  est  de 

1  dB,  oil  que  l'egaliseur  a  dtd  capable  d'annuler  l'effet  de  ce  2&me  trajet  en  apportant 
une  degradation  suppiementaire  de  1  dB. 

-  lorsque  le  canal  est  variable,  on  peut  voir  que  pour  le  -  3  debits,  l'egaliseur  n’apporte 

aucune  degradation  suppiementaire  puisque  les  courbes  2c.  et  3a  des  figures  1  &  3  sont 

confondues . 

Pour  une  transmission  de  messages  brefs,  on  constate  que  : 

-  la  qualite  de  legalisation  est  comprise  entre  0,5  et  1  dB  pour  un  debit  de  1200  bits/s 
et  entre  1  et  2  dB  pour  un  ddbit  de  2400  bits/s  dans  la  zone  de  taux  d'erreurs  situde 
entre  10~4  et  10-2. 

-  la  degradation  apportde  par  la  presence  d'un  trajet  secondaire  d'dgale  amplitude 

(retardd  de  T/2)  est  voisine  de  1  dB  pour  les  3  debits  600  -  1200  -  2400  bits/s. 

-  lorsque  le  canal  est  variable,  on  peut  voir  que  pour  les  3  debits,  l'egaliseur  apporte 

une  degradation  suppiementaire  de  3  dB,  si  l’on  se  rdfdre  d  la  puissance  du  signal  due 
aux  2  trajets.  Cela  montre  ainsi  que  la  presence  d'un  tel  trajet  secondaire  variable 
apporte  une  degradation  totale  de  4  dB ,  comme  dans  le  cas  de  la  transmission  continue 
avec  un  trajet  secondaire  retarde  de  2  ms.  En  d'autres  termes,  l'egaliseur  s'est  comporte 
comme  s'il  y  avait  2  trajets  independants,  et  a  pu  eiiminer  le  trajet  dont  l'amplitude 
est  variable  en  apportant  une  degradation  suppiementaire  de  1  dB  (la  puissance  etant 
mesurde  sur  un  seul  trajet). 

En  ce  qui  concerne  la  qualite  de  la  correction  en  frequence,  les  mesures  effectudes 
dans  le  cas  d'un  canal  monotrajet,  ont  montrd  qu'en  transmission  continue,  les  performances 
sont  inchangdes  lorsqu'il  y  a  un  dcart  de  10  Hz  entre  les  porteuses  emission  et  reception. 
Par  contre,  pour  la  transmission  des  messages  brefs,  ce  mdme  dcart  de  frequence  apporte  une 
degradation  voisine  de  0,5  dB. 

4 .  EXPERIMENTATION  DU  MODEM  SUR  UNE  LIAISON  REELLE 
4 . 1  Description  de  la  liaison 

Le  modem  a  dtd  testd  sur  une  liaison  radiodlectrique  dans  la  gamme  HF,  sur  une  distance 
de  500  Km. 

I.es  essais  se  sont  ddroulds  courant  Juillet  1983,  avec  un  dmetteur  de  puissance  400 
Watts  et  des  antennes  de  type  fouet  vertical  de  10  m  £  l'dmission  et  d  la  reception. 

Les  frequences  utilisdes  lors  des  essais  ont  dtd  ddtermindes  d  l'aide  des  previsions 


I'M 


de  propagation,  compte  tenu  d’un  indice  d'activitd  solaire  IR5  dgal  a  77  et  pour  une  atte¬ 
nuation  de  100  dB  sur  une  distance  de  500  Km. 

Dans  la  mesure  ou  80%  des  essais  se  sont  effectuds  sur  des  frequences  voisines  de  la 
LUF,  ces  mdmes  previsions  montrent  que  l'estimation  des  angles  d'eievation  du  parcours 
radioelectrique  est  voisine  de  70°,  c 'est-i-dire  que  le  trajet  est  du  d  la  refraction  sur 
la  couche  F 2. 

Sous  cette  elevation  les  fouets  presentent  une  attenuation  voisine  de  10  dB  reduisant 
tl  40  Watts  la  puissance  utile  ;  l'antenne  reception  apporte  la  meme  attenuation,  reduisant 
ainsi  le  rapport  signal  a  bruit. 

4 . 2  Methode  de  mesure 

Les  performances  du  modem  ont  dte  evaluees  pour  les  2  modes  de  f onctionnement  h  la 
vitesse  de  2400  bits/s. 

Le  taux  d'erreurs  etait  mesure,  dans  chacun  des  cas,  pendant  la  transmission  de  10® 
elements  binaires  (e.b.).  Le  message  de  test  utilise  etait  la  sequence  pseudo-aleatoire 
de  longueur  511. 

Chacune  des  mesures  de  taux  d'erreurs  sur  10&  e.b.  transmis,  est  decomposee  en  20 
mesures  sur  50  000  e.b.,  elles-memes  decomposdes  en  mesures  eldmentaires  portant  sur  des 
blocs  courts  de  1022  e.b.  pour  une  transmission  continue  ou  1533  e.b.  pour  une  transmis¬ 
sion  de  messages  brefs. 

Les  mesures  portant  sur  50  000  e.b.  sont  representatives  des  performances  du  modem 
lors  de  la  transmission  des  messages  longs.  Les  mesures  effectudes  sur  les  blocs  courts 
permettent  d'dvaluer  1' aptitude  d 1 un  modem  ih  la  transmission  de  messages  courts  ou  &  la 
transmission  de  la  phonic  numdrisee  par  vocodeur.  En  effet,  l'aptitude  d'un  modem  &  trans- 
mettre  la  phonie  numdrisde,  est  caractdrisde  par  le  pourcentage  du  temps  pendant  lequel 
le  taux  d'erreurs  est  localement  inferieur  a  10“2  (limite  de  taux  d'erreurs  acceptable 
par  le  vocodeur)  . 

Cette  caractdristique  est  accessible  en  mesurant  le  taux  d'erreurs  sur  les  blocs 
courts . 

Pour  chacune  des  mesures  sur  10®  e.b.  ont  dte  effectuds  les  deux  histogrammes  sui- 
vants  : 

-  le  premier  (histogramme  &  long  terme)  indique  le  pourcentage  de  blocs  de  50  000  e.b. 
pour  lesquels  le  taux  d'erreurs  appartient  h  une  tranche  donnde .  Les  taux  d'erreurs 
mesures  sont  regroupds  en  10  tranches  ddfinies  par  les  bornes  : 

0  5.10-5  10-4  5 .  1  0~4  10~3  5 . 1 0~ 3  10-2  5.10'2  10_1  5.10-1 

De  cet  histogramme,  on  peut  ddduire  la  fonction  de  repartition  associ^e  donnant  le  pour¬ 
centage  de  blocs  longs  regus  avec  un  taux  d'erreurs  inferieur  h  une  valeur  donnde. 

-  le  second  (histogramme  d  court  terme)  indique  le  pourcentage  de  blocs  courts  pour  les¬ 
quels  le  taux  d'erreurs  local  (dgal  au  nombre  d'erreurs  mesure,  divisd  par  la  longueur 
d'un  bloc)  est  nul  ou  supdrieur  £  10-2. 

A  partir  des  histogrammes  ^  long  terme,  effectuds  pour  chaque  sequence  de  10^  e.b., 
a  dte  dtabli  un  histogramme  global  pour  1'ensemble  des  essais. 

A  partir  des  histogrammes  £  court  terme,  effectuds  pour  chaque  sequence  de  10^  e.b., 
il  est  possible  de  reprdsenter  graphiquement  le  pourcentage  du  nombre  de  blocs  courts 
regus  sans  erreur  en  fonction  du  taux  d'erreurs  moyen  observe  sur  la  sequence  de  10®  e.b.. 
II  est  egalement  possible  de  representer  le  pourcentage  du  nombre  de  blocs  courts  regus 
avec  un  taux  d'erreurs  local  supdrieur  d  10“2. 

4 . 3  Rdsultats 

Les  rdsultats  d'ensemble  donnant  la  probabilitd  d'obtention  d'une  tranche  de  taux 
d'erreurs,  et  la  fonction  de  rdpartition  associde,  sont  prdsentds  en  figures  4  et  5. 

Les  pourcentages  du  nombre  de  blocs  courts  regus  sans  erreur,  ou  avec  un  taux  d'er¬ 
reurs  local  supdrieur  d  10-2,  sont  donnds  figures  6  et  7 . 

L’analyse  cie  1'ensemble  des  mesures  obtenucs  pendant  ces  essais,  permet  d'en  ddduire 
les  moyennes  globales  pour  chacun  des  2  modes  d  '  utilisation . 

Pendant  la  transmission  continue  : 

-  taux  d'erreurs  moyen  :  3% 

-  pourcentage  moyen  des  blocs  de  1022  e.b.  regus  sans  erreur  :  69% 

-  pourcentage  moyen  des  blocs  de  1022  e.b.  regus  avec  un  taux  d'erreurs  local  supdrieur 
h  10-2  :  20% 


Pendant  la  transmission  de  messages  brefs  : 


-  taux  d'erreurs  moyen  :  3,5% 

-  pourcentage  moyen  de  blocs  de  1533  e.b.  regus  sans  erreur  :  57% 

-  pourcentage  moyen  de  blocs  de  1533  e.b.  recus  avec  un  taux  d'erreurs  local  superieur 

a  10*2  :  18% 

On  peut  voir  egalement  sur  la  figure  7.  que  lorsque  le  taux  d'erreurs  moyen  est  infe- 
rieur  a  10~2,  )o't  des  blocs  courts  sont  transmis  avec  un  taux  d'erreurs  local  infdrieur  a 
10-2. 

5 .  CONCLUSIONS 


Les  essais  effectues  sur  ce  modem  montrent  que  la  transmission  serie  associee  a 
1'egaiisation  automatique  permet  d'obtenir,  en  propagation  ionospherique ,  une  transmission 
de  donnees  ^  grand  debit  fiable  tant  pour  les  messages  courts  (typiquement  une  secor.de)  que 
pour  les  messages  dont  la  durde  est  de  l’ordre  de  la  minute. 

Ei.  particulier,  il  est  montre  que  la  technique  de  synchronisation  est  bien  adaptee 
puisqu'il  apparalt  que  les  probabilites  d'erreurs  sont  voisines,  que  les  messages  soient 
courts  ou  longs. 

Le  signal  module  ci  amplitude  quasi  constante,  permet  d 'exploiter  au  mieux  la  puissance 
de  l'emetteur.  Cette  carac ter istique  a  permis  au  mieux  de  compenser  1 ' attenuation  apportee 
par  les  antennes  fouet  sur  cette  liaison  courte  qui  imposait  des  angles  d'elevation  dleves. 
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DISCISSION 


.1.11. Bluin'.  IK 

(  an  the  speaker  tell  ns  vv  hat  measurements  were  mark  of  the  impulse  response  of  the  channel.  Was  multipath  present 
tint  mt!  the  observation  periods'.’ 

Reponse  d'  Vutviir 

Durant  la  transmission,  tl  a  etc  mis  en  place  tin  systeme  qui  permettait  d'ohserver  la  reponse  impulsionnellc  du  canal, 
mats  seulemem  tie  layon  visuclle.  Nous  n  toons  pas  effectin'  tine  analyse  statistic|uc  ties  conditions  de  propagation 
reneontrees  durum  ces  essais.  Ic  systeme  mis  en  place  nous  a  permis  de  voir  que  la  propagation  s’elicctuait  souvent  pour 
multitrajels 


(  .(loutclard.  I  r 

Pour  completer  la  reponse  tie  Monsieur  Deconche  je  pens  signaler  t|ue  nous  effeetuons  sur  la  meme  liaison  ties  mesurcs 
de  temps  tie  groupe  ct  de  doppler.  Nous  toons  constate  que  de  jour  el  de  nun  les  modes  tie  propagation  sur  l:.  et  sur  I 
soul  en  general  bicn  definis.  Par  conire  tl  apptirait  souvent  aux  transitions  Jour-Nuit  tie  nombreux  trtijets  a  evolutions 
rapidcs  toee  ties  tlelais  courts  t|ui  art i vent  a  former  tin  continuum.  ( )n  arrive,  sur  eette  distance  si  eotirte  —  500  km  —  a 
ilenomhrer  cinq  on  six  trtijets  qui  tie  eorresptmdent  pas  a  ties  modes  xucecxsilx  sur  li  mi  f .  l.a  liaison  etant  nortl-sud. 
nous  les  avoiis  at  I  ribnes  a  ties  propagations  hors  du  grand  cerclc  ereees  par  ties  gradients  dionisation  liori/ontaux 
pcrpciuhculaircs  tiu  plan  orthodromique. 
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SUMMARY 

Wideband  transmission  over  multipath  channels  usually  causes  problems  because  of  intersymbol  inter¬ 
ference  in  addition  to  fading  and  shadowing.  A  novel  wideband  transmission  scheme,  developed  for  mobile 
telephone  and  data  services,  is  suited  not  only  to  cope  with  but  also  to  utilize  multipath  effects  by 
moderate  but  effective  spectrum  spreading.  As  a  result  high  levels  of  reception  performance  and,  in 
addition,  immunity  against  co-channel  interference  are  achieved. 

INTRODUCTION 

This  paper  deals  with  a  scheme  for  high  rate  data  and  voice  transmission  over  multipath  channels  which 
has  been  developed  and  evaluated  during  the  design  of  a  wideband  cellular  mobile  telephone  and  data  system 
operating  at  900  MHz  / 1 / ,  / 2/.  The  transmission  bandwidth  in  the  order  of  5  MHz  is  a  consequence  of  the 
time  division  multiple  access  (TDMA)  architecture  having  been  selected  for  cost  savings  and  advantages  in 
system  organization.  In  TDMA  time  is  divided  into  a  contiguous  stream  of  short  time  slots  and  individual 
channels  consist  of  different  subsets  of  time  slots.  All  time  slots  use  the  same  frequency,  so  no  syn¬ 
thesizer  is  required.  In  addition,  there  is  no  need  for  a  diplexer  at  the  mobile  because  the  transmit  and 
receive  time  slots  can  be  separated  in  time.  For  the  same  reason  the  base  stations  only  need  one  trans¬ 
mitter  and  one  receiver  tuned  to  the  transmit  and  receive  frequency  respectively.  So  the  complexity  is 
favourably  reduced.  The  highest  potential  for  cost  savings  stems  from  digital  transmission  which,  in  con¬ 
junction  with  a  forecast  number  of  more  than  one  million  subscribers,  fulfills  the  prerequisite  to  low 
production  cost.  System  organization  is  facilitated  by  the  TDMA  approach  because  the  mobiles  only  need  to 
be  active  during  the  short  transmit  and  receive  time  slots.  So  they  can  easily  monitor  all  surrounding 
base  stations  and  decide  to  initiate  hand-off  to  the  one  offering  the  best  propagation  conditions. 

PROPAGATION  EFFECTS 

The  high  bandwidth  is  a  consequence  of  the  fact  that  the  information  having  been  collected  in  the  period 
between  two  time  slots  of  a  channel  must  be  compressed  in  time  in  order  to  be  put  out  during  the  transmit 
slot  in  a  burst-like  manner.  High  rate  transmission,  however,  introduces  some  additional  problems  in  a 
multipath  propagation  environment. 

It  is  well  known  that  narrowband  systems  in  multipath  propagation  conditions  suffer  from  shadowing  and 
fading  reducing  the  margin  required  to  suppress  interference  such  as  noise  and  co-channel  signals.  In  the 
case  of  shadowing  the  direct  path  between  the  communicating  parties  is  obstructed  by  buildings  or  other 
obstacles  and  the  link  can  be  used  because  of  the  paths  arriving  at  the  receiver  via  reflectors.  Spatially 
fast  changing  (Rayleigh-)  fading  arises  from  the  field  strengths  of  all  paths  being  summed  up  at  the  re¬ 
ceiver  antenna.  The  resulting  signal  may  be  extremely  weak  depending  on  the  respective  amplitudes  and 
phase  angles. 

On  a  link  with  fixed  users  the  constellation  which  leads  to  fading  is  frequency  dependant,  the  frequency 
difference  with  high  correlation  between  the  influences  on  signals  being  called  the  coherence  bandwidth 
/ 3/ .  As  far  as  digital  transmission  over  multipath  channels  is  concerned  wideband  systems  are  those  whose 
bit  rates  approach  or  even  exceed  the  coherence  bandwidth  of  the  channel.  In  this  case  the  interpath  de¬ 
lays  of  the  propagation  field  become  as  large  as  one  or  several  bit  durations  and  at  the  receive  antenna 
the  phasors  of  different  information  bits  overlap  producing  intersymbol  interference  in  addition  to  fading 
which,  as  usual,  is  caused  by  paths  with  short  interpath  delays. 

While  it  is  possible  to  decrease  the  effects  of  fading  on  reception  performance  by  augmenting  the  trans¬ 
mit  power,  this  is  useless  as  far  as  intersymbol  interference  is  concerned.  Any  change  of  the  transmit 
power  simultaneously  changes  the  strengths  of  the  overlapping  symbols  and  the  so  called  irreducible  bit 
error  probabilities  may  be  substantial  /4/. 

In  a  multipath  environment  like  urban  area  delays  between  paths  of  relevant  power  often  amounts  to  sev¬ 
eral  microseconds  resulting  in  coherence  bandwidths  down  to  several  hundreds  of  kHz.  Thus,  systems  with 
transmission  rates  in  the  order  of  or  beyond  1  MHz  are  likely  to  be  affected  by  intersymbol  interference. 

MULTIPATH  UTILIZATION 

Signals  of  propagation  paths  with  small  delo.  s  as  '"ompared  to  the  signalling  period  melt  together  at 
the  receiver  and  fadings  will  occur  as  happens  in  narrowband  transmission.  Patis  with  long  interpath  de¬ 
lays,  however,  allow  to  revert  the  channel  dispersion  by  appropriate  signal  pneessing  and  thus  utilize 
multipath,  i.  e.  take  advantage  from  the  fact  that  every  path  conveys  signal  energy.  One  well  known 
method  is  equalization  /5 /.  As  far  as  land  mobile  radio  transmission  is  concerned  applicability  of 
adaptive  equalization,  however,  is  limited  because  of  the  rapidly  changing  propagation  field. 

The  approach  which  subsequently  will  be  described  is  based  on  correlation  techniques  which  will  be 
explained  based  on  figure  1.  A  signal  arrives  at  the  receiver  on  two  paths  with  a  time  separation  r.  Both 
receive  signals  can  be  separated  from  each  other  because  (1)  the  width  of  the  autocorrelation  peaks  is 
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figure  1:  Signal  separation  by  correlation 


narrower  than  the  time  separation  and  (2)  the  sidelobe  level  is  low  enough  as  to  not  suppress  the  peaks. 
These  conditions  are  satisfied  if  e.  g.,  as  signalling  elements,  pseudorandom  sequences  are  selected  such 
that  the  time-bandwidth-product  TB  becomes  markedly  greater  than  unity  with  T  being  the  signalling  period. 
In  otner  words:  Signal  separation  by  correlation  can  be  achieved  by  application  of  spread  spectrum  tech¬ 
niques  which  by  means  of  an  appropriate  processing  gain  are  suited  to  suppress  the  effects  of  intersymbol 
i  nterference . 

As  far  as  multipath  utilization  is  concerned  the  correlation  technique  offers  several  options.  The 
simplest  one  is  to  evaluate  only  those  samples  of  the  correlation  results  belonging  to  the  strongest  path. 
As  there  may  be  numerous  paths  which  can  be  separated,  selecting  the  strongest  one  already  introduces  a 
considerable  reserve  against  the  residual  path  fadings.  A  much  more  powerful  method,  however,  is  to  take 
samples  at  trie  arrival  times  of  all  paths  of  the  multipath  profile  and  form  a  complex  weighted  sum  of  the 
samples.  So  the  different  path  phase  angles  can  be  equalized  which,  in  conjunction  with  appropriate  ampli¬ 
tude  weighting,  yields  an  optimum  output  signal-to-noise  ratio.  This  procedure,  known  as  coherent  inte¬ 
gration,  effectively  makes  use  of  the  signal  energy  conveyed  by  the  multipath  propagation  field. 

Now  some  questions  arise  about  how  to  get  the  knowledge  about  path  arrival  times,  amplitudes  and  phases 
and  how  to  effectively  transfer  information  by  the  signalling  elements.  These  questions  will  be  covered  in 
the  following  paragraph. 

SIGNAL  FORMAT  AND  SIGNAL  PROCESSING 

In  order  to  be  more  specific  and  to  give  the  reader  a  realistic  idea  of  how  multipath  utilization  by 
correlation  can  be  achieved  in  a  spectrally  efficient  way  the  following  discussion  is  based  on  the  newest 
version,  called  CD  900,  of  the  aforementioned  mobile  telephone  system.  CD  900  is  an  evolution  of  a  system 
named  A1JT0TEL  which  was  developed  under  sponsorship  of  the  German  Ministry  of  Research  and  Technology 
( QMFT )  in  order  to  prove  the  feasibility  of  high  rate  transmission  over  multipath  channels. 

The  time  slot  and  channel  structure  of  CD  900  are  depicted  in  figure  2. 
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Fi  ure  2:  Time  slot  and  channel  structure  of  CD  900 

The  system  supports  hi!  communications  channels  for  1b  kbit/s  digital  voice  and  3  control  channels.  Each 
time  slot  of  SOD  ys  length  s  repeated  after  a  period  of  31 .5  ms.  The  transmitted  signal  commences  with  a 
preamble  which  contains  in  r  , sense  an  M- sequence  of  127  chips  (codebits)  for  synchronization  with  a  chip 
duration  of  2S0  nanoseconds  or  a  chip  rate  of  4  MHz.  As  soon  as  the  synchronization  preamble  has  totally 
entered  an  accordingly  programmed  correlator  in  the  receiver  a  peak  occurs  from  which  the  path  amplitude 
and,  by  processing  in  quadrature  components,  the  phase  angle  can  be  derived.  Thus,  reception  of  the  sync- 
preamble  in  a  multipath  environment,  reveals  all  path  properties  required  for  multipath  utilization:  time 
of  arrival,  amplitudes  and  phases.  During  the  s  inrt  time  slot  a  vehicle  will  travel  only  a  small  fraction 
of  a  wavelength.  Go  amplitude  changes  and  doppK  r  phase  shifts  can  he  neglected  although  a  scheme  has  been 
developed  which  is  suited  to  track  fee  multipath  profile.  A  description  of  this  scheme  and  of  the  proce¬ 
dure  for  track-  :g  oscillator  frequency  offsets  as  well  would,  however,  be  beyond  the  scope  of  this  paper. 
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The  information  part  of  a  time  slot  begins  with  a  header  containing  control  information.  The  message 
itself  is  followed  by  a  guard  period  in  order  to  avoid  overlaps  of  two  subsequent  time  slot  emissions  at 
the  receiver  caused  by  different  propagation  delays. 

As  was  pointed  out  earlier  the  signalling  elements  in  the  information  part  of  a  time  slot  need  a  time- 
bandwidth-product  significantly  greater  than  unity.  Our  investigations  have  shown  that  a  processing  gam 
of  at  least  16  should  be  selected  for  cellular  mobile  radio  applications.  The  signalling  elements  of 
CD  900  consist  of  32  chips  producing  a  processing  gain  of  32.  This  results  in  an  excellent  capability  of 
multipath  utilization  and,  in  addition,  establishes  a  margin  to  suppress  strong  co-channel  interference. 

A  bandwidth  spreading  factor  of  32,  however,  cannot  be  accepted  for  civil  applications  like  mobile  tele¬ 
phony  where  spectral  efficiency  plays  a  dominant  role.  An  elegant  way  to  maintain  the  processing  gain  and 
not  to  substant ia 1 ly  degrade  performance  is  to  use  an  M-ary  signalling  alphabet.  In  this  case  there  exists 
a  set  of  M  unique  signalling  elements  or  symbols  one  out  of  which  is  going  to  be  transmitted  in  every 
signalling  interval.  For  CD  900  M  equals  32.  So  each  symbol  carries  an  information  content  of  5  bits 
because  there  are  32  different  S-bit  sequences. 

Receiver  operation  can  be  understood  by  imagining  32  symbol  correlators  to  be  available.  When  a  received 
symbol  totally  has  entered  the  correlators  the  “correct"  correlator  shows  up  a  high  peak  while  at  the 
"wrong"  correlators  only  small  sidelobes  occur  which  even  vanish  in  the  case  of  an  orthogonal  signalling 
alphabet  and  no  interference.  Thus  the  receiver  strategy  is  to  decide  in  favour  of  the  correlator  with  the 
strongest  outcome. 

By  introducing  a  32-ary  alphabet  the  bandwidth  spreading  ratio  is  decreased  from  32  down  to  32/5  =  6.4. 
Actually  in  CD  900  the  bandwidth  spreading  ratio  has  a  value  of  2.67  altering  the  TB-product.  This  was 
achieved  within  two  steps.  One  additional  bit  per  symbol  was  introduced  which  determines  the  symbol  sign; 
as  the  receiver  performs  coherent  integration  the  sign  can  be  detected.  Similarly  the  receiver  can  distin¬ 
guish  between  two  6  bit-/32  chip-symbols  being  simultaneously  transmitted  in  phase  quadrature.  So,  during 
one  symbol  interval  (32  •  250  ns  =  8  ps)  an  information  content  of  12  bits  is  conveyed. 

Undoubtedly  these  steps  lead  to  a  performance  degradation  which,  however,  can  be  tolerated.  So  co¬ 
channel  interference  with  power  equal  to  the  wanted  signal  still  can  be  tolerated  in  most  of  the  multi- 
path  situations. 

As  far  as  receiver  implementation  is  concerned  nearly  all  signal  processing  is  performed  digitally  and 
off-line  during  the  period  between  two  receive  time  slots.  In  course  of  the  receive  slot  only  a  sequence 
of  complex-valued  samples  is  generated  which  subsequently  can  be  processed  by  appropriate  algorithms. 

PERFORMANCE  EVALUATION 

Based  on  the  experiences  gained  during  the  AUT0TEL  program  comprising  theoretical  investigations  as 
well  as  successful  field  measurements  predictions  of  the  CD  900  system  performance  could  be  generated 
taking  changes  of  the  design  into  account.  So,  e.  g.,  sectoral  antennas  will  be  used  instead  of  omni¬ 
directional  antennas  because  of  implementation  reasons  where  each  one  of  three  antennas  illuminates  a 
hexagonal  sector  as  depicted  in  figure  3.  In  order  to  minimize  mutual  interference  different  time  slots 
are  used  in  adjacent  sectors  with  the  exception  of  channel  borroughing  being  allowed  to  some  extent  bet¬ 
ween  adjacent  sectors  or  cells  in  case  of  a  capacity  bottleneck. 


Figure  3:  Cell  configuration  (3  sectors)  of  CD  900 


For  performance  predictions  realistic  data  about  multipath  profiles  must  be  used  as  have  been  collected 
by  various  researchers  in  the  USA  and  Great  Britain,  e.  9.  Cox  /6/,  Nielson  /7 /,  Turin  et  al.  /8/  or 
Bajwa  and  Parsons  /9/.  Based  upon  Turin's  measurements  in  and  around  San  Francisco  a  simulation  program 
has  been  developed  by  Hashemi  / 1 0/  which  now  is  used  in  our  investigations.  The  program  generates  sequences 
of  multipath  profiles  for  different  types  of  propagation  characteristics,  ranging  from  the  most  severe 
scenario  of  the  financial  district  in  San  Francisco  to  the  residential  area  of  Berkeley.  These  sequences 
are  incorporated  in  another  program  simulating  a  cellular  system,  where  for  various  strategies  for  cell 
and  channel  selection  as  well  as  for  power  control  statistical  parameters  of  channel  quality  and  loss 
rates  can  be  computed.  Figures  4  to  6  may  give  an  impression  of  system  performance.  So  figure  4  shows  that 
an  average  traffic  demand  of  0.8  erlangs  per  channel  can  be  realized  with  a  loss  probability  of  below 
0.5  percent  while  conversation  quality  keeps  on  a  high  level.  The  diagram  of  figure  4  was  generated  for 
large  city  propagation  conditions  with  clusters  of  skycrapers  interspersed  with  lower  buildings  such  that 
often  there  is  no  1 ine-of-sight  connection  between  transmitter  and  receiver. 
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Figure  4:  Traffic  handling  capability  in  a  large  city 


As  a  performance  measure  the  probability  of  voice  degradation  beyond  an  acceptable  level  for  more  than 
k  percent  of  the  average  conversation  time  was  selected.  For  subband  coded  (SBC)  voice  a  bound  of  at 
least  1  percent  symbol  error  probability  according  to  a  bit  error  probability  of  0.5  percent  is  acceptable. 

The  cumulative  distribution  of  symbol  error  probability  in  large  city  propagation  conditions  averaged 
over  location  and  time  is  depicted  in  figure  5.  For  a  traffic  demand  as  high  as  0.8  erlangs  per  channel  at 
most  one  percent  symbol  error  probability  is  achieved  on  a  99  percent  reliability  level. 
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CONCLUSION 


Multipath  propagation  does  not  only  cause  problems  for  radio  transmission.  Wideband  systems  can  be  de¬ 
signed  in  a  way  not  only  to  cope  with  but  to  utilize  multipath  for  improvement  of  link  availability  and 
reception  performance.  A  combination  of  spread  spectrum  techniques  with  M-ary  signalling  allows  for 
spectrally  efficient  and  interference  resistant  system  implementation.  Digital  transmission  and  signal 
processing  provide  a  basis  for  favourably  low  equipment  cost. 
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DISCISSION 


V.Malobcrti,  I  r 

Was  your  link  tusk'd  under  impulsive  noise  conditions'.’  We  lind  this  vers  often  in  urban  propagation,  when 

ci  mi  mimical  ing  with  mobile  stations.  It  may  become  a  predominant  noise  lor  a  large  bandwidth  transmission.  I  would 

like  to  know  the  views  of  the  author  on  that,  and  if  any  attempts  were  made  to  lest  your  system  under  that  condition. 

Author's  Reply 

My  answer  has  several  aspects.  Initially  we  foresaw  a  potential  problem,  and  examined  the  literature  for  information  on 
impulsive  noise  at  91)1)  Ml  I/,  and  found  a  very  disappointing  level  of  available  information.  During  our  experimental 
investigations  which  are  still  proceeding,  we  did  not  detect  am  serious  impact  on  our  system  Iron)  impulsive  noise.  I 
think  the  ic  aie  two  (actors  ( )ne  is  that  the  spectral  density  ol  these  effects  decreases  substantially  with  frequency,  and 
the  oihci  is  that  our  system  has  some  inherent  capability  to  suppress  these  ellects  through  the  use  ol  spread  spectrum. 


.I.(  .  Arnhak,  Me 

It  was  mlcicsliiu:  to  see  the  mcasuicmcnls  you  have  been  doing  in  the  Stuttgart  area  on  lading  changes  from 
it. ii  low  band  to  wideband  (  an  vou  indicate  what  kind  ol  statistics  vou  lound  m  the  wideband  ease.  Did  the  Rayleigh 
statistic  s  c  hance  into  something  else,  did  the  log  normal  statistics  noimallv  assumed  lor  shadow  ing  change  into 
si  imcthiiii:  else  ’ 

Xifllior's  Reply 

In  the  wiileband  measiiiements  shadowing  is  still  there,  but  the  lading  changes,  the  lading  depths  are  sign  1 1  leant  I  v 
i educed,  bv  the  older  ol  I  tl  dlls  oi  even  more 


l.(  .  \rnhak 

I  li.il  was  not  real  1  v  im  question:  did  the  statistics  change  .’ 

Vuthor's  Reply 

It  is  no  longer  Rayleigh  statistics,  which  go  down  to  zero  sometimes.  Itut  on  the  other  hand  we  must  look  at  the  statistics 
ol  the  multipath  piolilcs  because  ol  the  limited  spreading  ratio  we  have  some  inlcrsvmhol  interference  m  the  system 
which  is  reduced  We  have  developed  an  analytical  model  to  incorporate  all  of  these  effects  and  it  is  very  close  to  the 
real  nature. 
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Summary 

The  available  military  radio  frequency  bands  are  covered  very  densely  by  the  already 
existing  conventional  systems  and  therefore  the  application  of  bandwidth  widening  proce¬ 
dures  as  antijam  measures  will  be  allowed  only  with  small  spreading  factors  within  these 
RF-bands . 

In  this  paper  the  problems  arising  from  the  random  code  selection  for  spread  spectrum 
systems  with  small  spreading  factors  are  discussed.  The  calculations  show  the  dependence 
between  certain  statistical  properties  of  classes  of  codewords  and  the  number  of  code¬ 
words  available  in  these  classes. 

The  bit  error  probabilities  in  case  of  jamming  by  white  gaussian  noise,  narrowband  and 
cw-jammers  are  calculated  in  comparison  with  the  error  probability  of  the  class  of  code¬ 
words  with  ideal  correlation  properties. 


Introduction 


I n  recent  years  the  discussions  regarding  the  introduction  of  spread  spectrum  systems 
into  military  communication  systems  have  become  more  and  more  intensive.  In  this  paper 
the  influences  of  small  spreading  factors  on  the  process  gain  and  anti-jam  capability  of 
direct  sequence  (OS)  and  frequency  hopping  (FH)  systems  will  be  discussed. 

The  anti-jam  capability  of  spread  spectrum  systems  is  based  on  the  use  of  a  bandwidth 
much  greater  than  necessary  for  the  da t a - 1 ransm i s s i on  in  an  unjammed  environment.  Infor¬ 
mation  theory  shows  that  the  channel  capacity,  i.e.  the  theoretically  faultless  trans- 
missionable  bitrate  is  only  a  function  of  the  available  bandwidth  and  the  signal  to 
noise  ratio  within  this  bandwidth  in  case  of  white  gaussian  noise. 

C  =  B  Id  {  1  ♦  S/N  ) 

(1) 

%  B  S/N  •  1.4  for  S/N  «  1 

Regarding  this  the  process  gain  of  a  system  using  additional  bandwidth  efficiently  should 
be  in  the  order  of  the  bandwidth  widening  factor  or  greater  for  noise  or  jammers  better 
predictable  than  white  gaussian  noise.  A  good  strategy  to  fight  unknown  or  unpredictable 
jammers  in  symbol  by  symbol  transmission  systems  is  the  random  spreading  of  the  energy 
available  for  the  transmission  of  each  symbol  over  the  whole  transmission  bandwidth,  that 
means  filling  the  available  bandwidth  with  a  flat  power  density  spectrum.  For  best  results 
it  is  necessary  to  do  so  for  each  individual  symbol  and  not  only  in  an  average  over  the 
transmitted  signal. 

The  best  known  systems  with  these  features  are  direct  sequence  and  frequency  hopping 
spread  spectrum  systems,  both  assigning  each  transmitted  symbol  a  codeword  consisting  of 
i  sequence  of  different  phases  or  frequencies.  In  this  paper  we  are  not  discussing  the 
behaviour  of  so  called  slow  frequency  hopping  systems  with  one  or  more  symbols  trans¬ 
mitted  per  frequency  hop.  Figure  1  shows  a  blockdiagram  of  a  simple  2-PSK/2-PSK  data 
t ransm i s s l on/d l rec t  sequence  spread  spectrum  system  and  figures  2  and  3  examples  of  fre- 
juency  hopping  systems  with  coherent  and  noncoherent  demodulation. 

In  the  following  firstly  well  known  results  calculated  for  DS  systems  with  spreading 
factors  much  greater  than  1  will  be  reported.  Secondly  some  computations  done  for  DS 
systems  with  small  spreading  factors  jammed  by  continuous  wave  or  gaussian  narrowband 
lammers  will  be  shown.  Based  on  these  results  a  class  of  codewords  optimized  to  fight 
these  jammers  is  described.  Thirdly  the  calculations  are  done  for  FH  systems. 

Direct  Sequence  Systems  with  large  spreading  factors 


The  codegenerator  shown  in  figure  1  must  generate  a  set  of  codewords  which  spectrum  is 
as  flat  as  possible  within  the  available  bandwidth.  Therefore  the  aperiodic  autocorre- 
1  a  t  i  on  function  of  the  codeword  c^t)  must  have  si  delobes  as  low  as  possible. 
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The  rourier  transform  of  the  autocorrelation  function  is  the  energy- density  spectrum  of 
the  codeword. 


=  efpc.c.m} 


The  number  or  spreading  bits  (called  chips  in  the  following)  per  lata  bit  is  the  so 
tilled  spreading  factor  m  .  The  problems  ot  the  existence  and  generation  of  sets  of  binary 

codewords  with  limited  absolute  sidelobes  or  si  delobe  to  main  ratios  of  the  autocorre¬ 
lation  function  have  been  discussed  extensively  /4,  5/.  Using  only  these  ideal  codewords 
in  case  of  gaussian  noise  +  jammer  the  error  probability  at  the  output  of  a  matched  filter 
receiver  can  be  approximated  very  well  by  the  error  function  complement  of  the  energy  per 
transmitted  symbol  t  ,  the  noise  and  jammer  spectral  densities  ( ^ j )  and  the  spreading 

r  "u  '  '  pc  =  05  erfc  (  Es,  <t>r  ,  $  ,  m  .  ) 

The  use  of  so  called  pseudo  noise  (PN)  sequences  as  codewords  or  as  spreading  sequences 
sections  of  which  are  used  as  codewords  in  direct  sequence  spread  spectrum  systems  with 
spreading  factors  much  greater  than  1  are  discussed  in  /l, 2, 3/.  It  is  shown  that  for 
large  m  _  and  continuous  wave  jammers  (because  of  the  rule  of  great  numbers  and  the 

central  limit,  theorem)  the  behaviour  of  the  system  can  be  described  approximately  by  the 
error  function  complement  assuming  a  wideband  gaussian  distributed  jammer  of  the  same 
p  o  w  e  r  . 

In  the  following  all  calculations  of  the  error  probability  are  done  under  the  assumption 
of  i  signal  to  noise  ratio  much  better  than  the  signal  to  jammer  ratio.  The  actual 
signal  to  noise  ratios  have  of  course  to  be  taken  into  con s  l  dera t  i  on  so  that  the  error 
probability  of  the  systems  approaches  asymptotically  the  value  given  by  the  signal  to 
noise  ratio  for  increasing  signal  to  jammer  ratios.  Moreover  an  additional  gaussian  white 
noise  causes  a  smoothing  of  the  steps  existing  in  some  of  the  curves  calculated  for  the 
signal  and  jammer  alone. 

The  error  probability  of  a  system  with  arbitrary  codewords  and  white  gaussian  noise 
jammers  is  given  by  the  error  function  complement  as  follows 

p  =  0  5  erfc  (  g/S/J  m  ) 


erfc  (x)  = 


J-  ( 

VtT  ■> 


The  formula  is  also  relevant  as  an  approximation  in  case  of  ideal  wideband  codewords  and 
gaussian  bandpass  jammers  tuned  to  the  centre  frequency  of  the  system.  In  most  cases 
certain  assumptions  concerning  the  statistics  of  the  jammers  to  be  expected  can  be  made 
with  high  probability.  In  this  paper  only  continuous  wave  jammers  and  narrowband  jammers 
with  a  gaussian  amplitude  distribution  and  a  centre  frequency  offset  smaller  than  the 
information  signal  bandwidth  will  be  considered  in  the  following. 

Narrowband  Spread  Spectrum  Systems 

The  application  of  spread  spectrum  signal  processing  methods  to  single  channel  communi- 
"ution  links  in  trie  tactical  area  with  spreading  factors  and  therefore  process  gains  in 
the  order  of  up  to  100  or  more  leads  to  a  transmission  bandwidth  for  one  speech  channel 
if  i  few  MHz  which  may  be  acceptable  in  the  used  frequency  region  for  low  range  communi- 
citions.  Widespread  communication  nets  partly  based  on  microwave  links  have  trans- 
■lssion  capacities  of  up  to  a  few  Mbit/s  or  even  34  Mbit/s.  Additional  spreading  of  these 
>  i  intis  with  spreading  factors  in  the  order  mentioned  above  will  lead  very  fast  to 
problems  in  bandwidth  consumption  and  technical  feasibility  of  mixers  and  codegenerators. 
Therefore  only  small  bandwidth  spreading  factors  probably  in  the  order  of  5  to  50  will 
acceptable  for  microwave  links. 

Nevertheless  the  gain  implemented  by  these  signal  processing  procedures  may  be  just 
•■n  mi  jh  to  hold  the  line  against  a  jammer's  attack.  Especially  in  combination  with  error 
i erect  ion  coding  procedures  or  other  nonlinear  signal  processing  methods  with  threshold 

■  •  f  f  •  ■  .  t. known  from  frequency  mod  u  1  a  1 1  on  /  demodu  1  a  1 1  on  the  introduction  of  spread  spectrum 

gaining  enough  IB  to  hold  the  system  just  above  the  threshold  may  be  of  great 
1  ’  I  • ore S ’  . 

1  n v s r  i  q  1 1  l  on s  of  FCCM  for  microwave  systems  showed  that  a  combination  of  a  spread 
; ■■  fro m  system  with  a  moderate  spreading  factor,  an  error  correction  coding  procedure, 
in  i  1  li.it  i  v>  n  .  t fi  filter  to  fight  narrowband  jammers  and  a  null  steering  antenna  can 
;■  'i"r  1 1 1 1  i  very  high  iegree  of  anti  -j  am  capability  for  microwave  systems  w  1 1  ti  acceptable 

■  < ;  "ii  !  i  tore  i  ri  g  expense. 

In  'h"  h"«.  t  chap  ters  the  behaviour  of  DS  and  FH  spread  spectrum  systems  with  small  spread • 
o  :  ;  re  a  i  I  "d  narrowband  spread  spectrum  systems)  will  tie  ii  srussed  . 
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The  calculation  of  these  error  probabilities  is  as  follows. 

The  signal  s ( t ) +  j ( t )  at  the  input  of  the  receiver  (Fig.  1)  is  given  by 


1 


s (t)  =  d  (t 


'V 


c  (t-iT, 


COS  CJgt 


d  (t)  =  b  rect  (t  / Td 


b  €  {-1,  *1} 


as  informations  Dits 


15) 


)(t> 


=  n  It) 


cos  (CJgt  ♦  vp(t) ) 


is  a  narrowband  jamming  signal,  uncorrelated  to  s(t).  Herein  the  ratio  of  the  bit  clock 


d  -  —  — '■  - -  'c  — -  -  -  ~ - 3  - -  "c  1 

It  is  assumed  that  the  amplitude  of  the  demodulated  jammer  signal  is  constant  during  one 
information  bit  (narrowband  jammer  tuned  on  centre-frequency)  and  furthermore  that  a 
continuous  wave  jammer  after  demodulation  into  the  baseband  has  the  amplitude  distribution 
or  a  cosine  function  because  of  the  unknown  or  randomly  varying  phase. 

p  (x)  =  1 


(6) 


:w""  “  TT  V’j/2  -  X2' 

J  is  the  power  of  the  jammer-signal. 

In  case  of  a  narrowband  gaussian  jammer  the  demodulated  baseband  signal  is  also  gaussian 


d l s  tr i buted 


(7) 


The  error  probability  of  a  codeword  containing  i  "ones' 
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follows  as 
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otherwise 
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5  er,c  (12S7I  {l  ) 


For  random  codes  or  short  sequences  taken  from  much  longer  PN-sequences  there  are 


e  x  1  s  1 1  n  g 
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m  1 


(9) 


i 1  (mc -  i )  ! 

codes  containing  exactly  1  “ones"  and  m  -1  "zeros". 

The  resultant  average  error  probability  for  a  OS  system  with  randomly  chosen  codes  now  is 
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I  r  1 
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(10) 


for  cw  -  jammers 
for  gaussian  jammers 


In  case  of  cw-jammers  figure  4  shows  that  only  for  large  sp read  1 ng- fact  or s  (*100)  the 
»rror  probability  curves  tend  to  0.5  er f c (V 5/ J j  relevant  for  white  gaussian  noise. 

For  gaussian  narrowband  jammers  randomly  diced  codes  result  in  a  degradation  compared 
with  the  ertc  relevant  for  m  -  1  as  shown  in  figure  5.  This  degradation  is  in  the  order 

■  3  -  5 

* "  — '  spreading  factors  of 


o  f 


4  to  6  dB  for  error  probabilities  of  10" 
t  r  a  t  e  g  1  e  s  for  excluding  poor  codes 


to  1 0 


and 


5  to  100. 


In  order  to  get  a  better  system  performance  one  should  exclude  the  codes  with  the  highest 
contribution  to  the  resulting  error  probability.  Eq  .  8  obviously  shows  that  the  unbalancy 
>:  2i-m  of  a  rode  which  is  the  absolute  value  of  the  difference  between  the  number 


>t  "ones"  and  “zeros"  is  a  measure  for  its  degradation  of  a n t  i  -  j am-capab  1  1  1 ty  in  the 


discussed  here.  Beginning  with  |2i-mcj  r  mc  it  is  possible  to  exclude  step  by  step 


1  r  )!: 

‘  t.  n- 


and  increase  the  system  performance.  This  procedure  results  in  the  error 
y  for  a  code  set  which  excludes  all  codes  with  more  than  mc-k  "zeros"  or 


(11) 


z 
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«h .■rt.  the  denominator  is  the  number  of  remaining  codes. 

■n-  possibility  to  establish  a  code  generator  with  such  a  behaviour  may  be  the  comb  1 n 1 ng 
•  *  a  r a mm on  r a nd  m - r ode  -  gene r a t o r  with  a  supervising  unit  counting  the  "ones"  and  "zeros' 
n  each  codeword  in  order  to  start  the  r odegone r a t 0 r  for  another  try  if  the  counter 
ds  a  given  hound.  Figures  6  and  7  show  some  rep r esen t a t 1 ve  results. 
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s p r  e  a  d 1 n  g  factor  m 


10  there  are  existing  totally  2 
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If  the  numhpr  of  codes 
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of  "unbalancy"  s 

probabilities  of  less  than  10 
)  ammers  . 


s  reducer)  to  n  -  6  72  try  excluding  all  codes  with  a  high  degree 
;  much  better  system  performance  can  be  achieved.  For  error 

^  the  maxi  mum  ga 1 n 


is  about  12  to  14  dB  in  case  of  cw- 


41-4 


Although  the  accessible  S/J-qains  are  lower  (maximal  9  to  10  OH  tor  >>rr  r  prohabili 
-  3  -4 

of  10  to  1i)  )  for  narrowband  qaussia.i  jammers  the  str.ite.jy  of  exc  1  ud  l  n.j  poor  cod 

a  powerful  tool  to  increase  the  a n 1 1  - j am-  c upab  i  1  1 1 y  ( F  l  ■ j .  1). 

Narrowhan-l  Frequency  Hopping  Spread  spectrum  Systems 

A  similar  severe  problem  is  the  s-  lection  of  codes  for  narrowband  1 rnqu-'nt v  hopp l nq 
spread  spectrum  systems  with  n  different  available  frequencies  and  m .  frequency  hi 
j;  e  r  b  it.  c  c 

To  increase  the  ability  in  fighting  nitel  lij.-nt  i  .immers  the  aim  is  using  is  much  1i 
1  i  d  ■  *  s  is  possible.  Far  i  tix-d  product  m,  •  n  M  1  lie  largest  amount  at  .lift  erent  ’ .. 

rr  .  c 

N_  -  n,  is  obtainable  ! ■  v  i  te . .  •  ,  i  n  i  n,  -  3. 

Bee  ,iih«  of  prabicms  in  technical  feasibility  '  h  i  ,  l-'sirable  hiqh  rate  of  m  M  /  ri  • 
per  1  l*  ,  f  .1  •>  f  I  !'••  | -.ern;  v  h  ppinq)  of  ten  can't  be  achieved,  so  high  r  number  s  n  of 
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Figures  8  to  10  show  the  calculated  error  probabilities  for  different  nc  and  mc. 
Strategy  for  excluding  poor  codes 
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the  possible  frequencies  more  than  k  times.  Therefore  one  should  exclude  step  by  step 
codes  with  m  m  - 1 . 2  equal  frequencies.  Considering  this  last  chapter's  resulting 

error  probab i 1 i t i tes  can  be  rewritten  as 


(21) 


Although  this  formula  gives  correctly  the  error  probability  under  the  above  assumptions 
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Dr  1  .nil perl.  Session  t  ha  - 1  man 

I  .iL'ur  ill. ii  ,i  Ini  i>l  ideas  have  I  veil  pic'enled.  lull  when  addicssina  apain  llie  i|iicslion  posed  In  I  >i  Blvllie  I  lee.ill  .1 
diueium  -.hi iw  11  In  I  )i  Sal/,  slum  mil'  1111  pi  1  n ements  w  nil  adaptive  lillci  mu.  and  I  hope  people  won  1  Iv  loo  etoss  I’lit  mv 
1  nle  1  pi  elation  was  ill. 11  11  is  it  telex  ant  w  hut  iv  pc  ol  adapt  tv  e  I  illei  me  v  on  use  as  lone  as  \  on  do  use  one.  Somehow  I  I eel 
1  ii.it  ill.  il  is  also  1 1  ue  1 01  on  1  ill  Herein  modems.  II  we  warn  to  make  a  lurthei  mu|or  step  we  have  to  think  ol  someth  me' 
else,  not  onlv  modems. 

Heloi  e  e  ndi  me  I  he  dns  ussion  we  should  lotieh  on  l  he  problem  ol  leal  mile  eliaimel  evaluahon  111  a  hi  oad  sense,  w  lueh 
w  as  1  elei  1  ed  loin  I  )i  I  ),u  nell  What  I  think  I  )i  I  )ar nell  has  m  mind  is  lo  optimise  I  he  eomplele  s\  slem  ail  apt  iv  el\  lo  the 
instantaneous  conditions. 

l)r  Darnell 

1  mu  Intel  pi  elation  ol  w  ha  I  I  said  is  eoi  rivet.  I  was  not  cm  tsaeinc  that  real  time  eliaimel  evaluation  would  he  used  lo 
opi  muse  jiisi  one  pai  tietilai  aspeet  ol  the  sv  siem.  hul  1  at  her  that  it  would  he  used  lo  eonl  1  ol  sev  ei  a  I  ilillei  enl 
s  omponeiils  ol  the  s\ stem  m  01  del  to  pi  oduee  .111  impimemeiit  m  pel  lornianee. 

Dr  I  .1111  pi  l  l.  Session  (  ban  man 

I  leel  liowevei  ill. it  eaeli  ol  us  has  a  dilleienl  inlet  prelalion  ol  leal  lime  eliaimel  evaluation.  Some  people  leel  lliev  have 
her  n  iismei  e.  il  tune  eliaimel  ev  alualion  loi  some  deeailes  heeause  lliev  use  A  lit.)  sv  steins  Isn  1  that  enotmli  ?  I  low  do 

\ on  leel  ahi ml  th.it  ' 


Dr  Darnell 

I  hie  1  >1  the  ieelmii|ues  lot  eliaimel  evaluation  I  men  honed  yesterday  was  in  tael  the  !iei|iiene\  ol  AKO  rci|ucsts.  \\  hal 
does  one  do  vv  uli  1h.1t  information'.'  (  hie  thine  vou  eoulvl  do.  assunnne  the  data  is  lornialled  in  hloeks.  is  lo  vary  the 
1  odine  ledtind. mev  applied  lo  these  hloeks  to  leduee  the  inuiiher  ol  rei|iiesls  should  lliev  eo  above  a  eerlain  threshold, 
ai  the  expense  ol  eotuse  ol  dal  a  lliiouehput  rale.  In  pi  ineiple  AKO  reipiesis  ean  certainly  he  used  as  a  sotiree  ol  eliaimel 
ev  a  1 1 1. 1 1 1,  m 


Dr  I  amperl.  Session  (  hail  mail 

\  soi  nee.  so  ujv  to  now  we  si  ill  have  no  eoiteise  pietuie  ol  vv  hat  is  the  eomplele  tool  ol  eliaimel  evaluation.  01  do  we'.1 

I )r  Darnell 

\o  I  think  not  In  a  e  tv  en  ei  >mm  tut  teal  ii  >11  sv  stem  there  inav  well  he  several  sou  fees  ol  channel  evaluation  inhumation. 
1  hi.  mi. dll  use  the  impulse  t espouse  ol  the  medium,  one  miulii  use  the  phase  stability  ol  the  received  signal,  ami  one 
mi. 'In  use  \l<(.)  1  eipiesis.  all  10  eonl n luile  to  a  basic  eliaimel  evaluahon  decision. 


DISCI  SSIONOI  S!  SSION  \ 


Dr  Lamport.  Session  C  haiiman 

Scvcial  nut  hois  have  um.iI  an  average  bit  ci  ioi  pi obabihlv  because  they  can  do  vv  mulct  I ul  calculations  wall  il.  Some 
i  idlers  used  diagi unis  show  mg  ei  101  ti  cc  uilcrv  als.  and  a  multitude  id  i  dlici  sm  ts  ol  diagram'  have  been  used.  1 1  is  no! 
ele.n  lo  me.  up  lo  now .  how  elt >se  we  ean  gel  lo  a  slandanhscd  display .  sueli  as  is  av aiial'le  w itli  normal  additive 
( iaussiail  ehannels.  in  onler  lo  be  able  lo  eompare  these  mel hods  w  nil  ease.  I  l limh  dial  il  is  a  general  problem  we  are 
laeed  w illl  when  looking  at  the  p.ipei s  ol  the  Iasi  sessn >n.  die  ddlcicnt  wavs  used  lo  pi esent  die  emu  ehaiaelei islies 
W  hal  sh  mhl  we  do  heie 


Mr  I  larding 

(  an  we  siandardise  not  only  die  presentation  bin  also  die  nieusuiemeiU  techniques .’  Returning  to  the  eommeiil  ol 
I’tolessoi  ( loulelanl  made  alter  Ins  I’apei  ,'b.  and  points  iaised  by  many  olliei  speakers  during  this  eonlerenee.  it  would 
appeal  dial  we  now  ha\e  die  eapabilily  w itli  modern  technology  lo  pnnule  yy inkers,  certainly  in  the  I II  I ielel .  ss 1 1 h 
sophisiieated  real  lime  ehannel  simulators.  I  would  like  lo  know  whelhei  data  exist  dial  hilly  eharaelerise  these 
ehannels.  pat  lieularh  III  ehannels.  ineluding  propagation  parameters,  inter Icrencc  and  noise  siiuelures  dial  yy  e  have 
lieaid  aie  so  important,  anil  il  this  data  does  not  exist  do  the  members  ol  die  eonlerenee  leel  dial  il  should  exist  so  dial 
we  ean  have  these  siandard  teehnii|ues.  Can  anybody  suggest  a  yy  ay  loixxuid  so  1 1  il  this  data  might  be  gathered  and 
disseminated  to  those  interested1.’ 


I)r  I  ninpert.  Session  (  h. mm, in 

I  lulls  agiee  w  illl  y  on  and  I  think  dial  is  a  speed  le  quest  ion  to  those  people  yy  ho  designed  ei  rot  eot  reeling  eodes  and 
modems  m  parlieulai  systems  ys  hut  vyas  die  leason  they  ehose  a  eeilam  yy  ay  ol  displaying  loi  example  bit  error 
eh. nuclei  islies  01  speedie  quality  ehaiaeleristies. 


I’rofessur  <  .mile lard 

I  ean  l  u  pb  lo  the  suggestion  yy  Ineli  has  | ust  been  pul  loixv ard.  but  I  ean  pros nle  some  inlorilialion.  lot  about  Iwo  years 
now  w e  have  conducted  a  lot  ot  measurements  on  I II  noise,  and  hay e  ptoeeeded  by  reeeiy  mg  well-kiloyy  n 
li.  ms  missions  al  ililleienl  disianees  between  I’ans  and  Moscow  .  W  e  have  examined  yUUevent  types  ot  modulation,  and 
we  hay  e  seen  yy  hal  w  as  die  amplitude  distribution  ol  the  lading,  and  we  huv  e  conducted  I  hippier  frequency  analysis. 

(  oiicci  nine  i  he  held  ol  coding  and  wavs  in  w  Inch  we  might  cm  isage  to  study  the  eri nr  distribution.  il  is  mil  gist  die 
av  ei  age  ei  mi  i  ale  yy  Inch  mailers,  it  is  an  i in poi  lam  paranielei  ol  course.  Inil  the  distribution  larr  ol  errors  is  prerequisite 
io  die  study  ol  codes  lor  use.  You  have  lo  const  mel  codes  loi  die  worst  ease,  and  \  cry  ol  ten  there  is  too  much  power 
and  heme  a  i eduction  ol  the  ellieieney  ol  transmission.  W  e  could  perhaps  do  two  dungs.  Many  papers  have  presented 
adaptive  systems,  and  it  is  a  path  we  should  lollow  in  the  till  lire.  Also  we  should  go  a  little  In  rl  her 'and  use  real  lime 
in  i wo i  k  management  systems,  in  older  lo  adapt  die  codes  l< >  die  transmission  system 


Dr  Hern  I 

W  e  al  (  \  I  I  li.iv  e  also  tackled  the  problem  ol  modelling  die  III  ehannel.  and  have  made  a  lot  ot  measurements,  as  I 
me  nl  loueil  in  mv  presentation.  Iltci  c  wet  c  two  equipments  allow  me  ehannels  lo  be  chat  acteriscd  a  link  analy  set. 
i  nablme  v  ei  v  led  lied  studies,  and  a  surveillance  system  I  here  is  a  leason  loi  I  lus.  (  iiy  cn  the  large  number  ol  data  w  llicli 
w  c  cun  obtain  it  is  somci  tines  quite  difficult  lo  perform  cm  relal  ions,  loi  example  lo  cm  i  elate  lading  vv  illl  olliei  dungs. 

W  c  li.iv  e  dev  cloned  a  mathematical  study  ol  lading  taking  into  account  die  link  ecomc!  I  y .  antenna  el  leel  s,  and 
u  it  1 1  v  uhiai  mode  I  )opplei  ellecls.  I  dunk  dial  because  ol  the  mathematical  humiliation  we  ean  make  simulations 
ililleienl  lioin  I  In  'sc  w  Inch  exist,  m  11101c  dixersi  lied  and  lelmeil  situations,  and  I  Ills  is  planned  m  die  same  piogramme. 


Dr  Hl\ the 

I  would  like  lo  lelinii  lo  a  pi  case  and  pcilincnl  queslion  poseil  by  1'iolessor  ( ioulelatd  in  die  lirsi  session,  when  lie 
1 4  i  d  lot  a  eiv  en  nn i II ip.il li  ehannel.  could  we  speedy  the  optimum  modulation  and  coding  lo  be  used,  and  nobody 

I I  pin  d  I  would  like  lo  ask  him  whelhei  he  lie  Is  we  liai  e  adv  allied  in  that  legal  d.  My  own  impiession  I  loin  111  is 

'V  m  posi  u  m  is  dial  a  in  imbi  a  ol  ililleienl  schemes  have  been  presented,  but  not  in  a  loi  in  ill  w  Inch  then  per  lot  mauee  ean 
hi  i  oinp.il  1 1 1  1 1  o  not  men  Iv  dc'iiablc  to  li.iv c  a  sl.md.ud  citv  n  oilmen!  ill  till  I  pa!  11.  inter  lei  dice  and  so  on  without 
Il  We  Won  I  maki  pn  igie  ' 


Professor  ( .mill  iard 

I  >i  HIv  ilk  said  lliiie  was  no  n  plv  lo  out  question  1 1  would  be  illai  v  cllous  il  we  had  a  I  eply  Sy  stems  have  been 
pioposi  1 1  but  piop.ig.il  ion  i  oml  1 1  ions  y  at  y  so  nine  It  dial  l  he  i  e  is  no  unique  solid  ion.  I  lien  has  been  great  evolution.  I 
have  been  ama/cd  and  exlie am  Iv  mien  'led  by  i  ei  lam  papets.  ami  I  go  back  lo  my  count  ty  with  many  ideas,  and  1  hope 
tins  is  1 1 ui  lot  e v ei  v  one  ol  us. 


DISCISSION 


R.\  .dentin.  ( >e 

\\  hal  is  I  tic  transmitting  power  cm  isagcd  loi  this  s\  Mem.  anil  what  is  the  sensiliv  it\  of  the  iccciv  ci .  At  this  licipicticv  it 
sou  ilo  not  ha\e  a  line  ol  sight  path  there  is  a  large  tilt  tract  ion  loss  anil  so  \ou  must  pros  iile  a  'aiflicicnl  mat  run 

Vulhor's  Replv 

I  think,  tlie  transniitteil  powei  was  al'oul  ’  watts;  I  cannot  answei  tile  i|iiestion  on  noise  figure.  W  e  ilo  have  a  line  ol  sight 
path. 


KAV.l.ainpcrt,  <  re 

>  on  mentioned  that  \ou  can  reduce  the  sensitivity  to  multipath  to  about  (1.5  metres,  and  that  means  the  area  iouihI  the 
antenna,  but  in  millimetre  communications  that  (1.5  metre  area  round  the  antenna  is  most  critical.  I  low  did  \ou  realise  a 
unilorm  radiation  within  that  region.1 


Author's  Reply 

I  must  s.iv  that  it  is  onlv  a  two-path  model  and  further  tests  are  nevessarv. 


plotted  in  tig.  5c  ana  d,  once  without  noise  and  once  with  SNR=OdB  .  As  can  be  seen, 
there  is  now  the  effect  of  cycle  slipping,  as  long  as  Afg  will  be  zero,  after  which  the 
actual  phase  control  begins. 


Figs. 5a  -  d  sliow  the  results  lor  worst  case  conditions.  Nevertheless,  this  is  very 
important  in  order  to  establish  the  limitations  for  system  applications. 

The  transient  responses  for  average  start-conditions  are  illustrated  in  ficj.5e  and  f, 
where  the  trine  difference  between  the  two  modulation  functions  is  only  Tg/4.  As  can  be 
seen,  the  acquisition  time  is  essentially  smaller  than  in  the  previous  cases  of  fig. 5a  -d. 

Another  example,  dealing  with  further  practical  inaccuricies  shall  be  finally  considered. 

It  is  assumed,  that  the  difference  ! fM1  -  fM2  has  a  drift  of  10  MHz  compared  with  the 
centre  frequency  of  the  discriminator.  In  ‘addition,  the  sweep  width  of  the  transmitted 
si jnal  shall  differ  from  the  sweep  width  of  the  receiver  oscillator  by  4  MHz.  The  tran¬ 
sient  responses  of  the  relative  phase  difference  and  the  corresponding  frequency  error 
At'„,  respectively  are  plotted  in  fig. 6a  and  b.  Whereas  the  drift  of  the  difference 
lMl  “  ^12  bo  completely  compensated  by  the  control  loop  with  G1 (p) ,  the  different 

sweep  widths  lead  to  a  remaining  oscillating  error  But  in  most  practical  applications 

the  error  due  to  different  sweep  widths  can  be  accepted . 


Fig. 6  Transient  responses  of  the  relative  phase  a) 
11  =  200  MHz  ,  Bd  =  20  MHz  ,  fg  =  1  MHz  ,  Ml  =  4  MHz 


and  the  frequency  error  b)  ; 

A f ..  =  10  MHz  . 

M 


Cone Jl_us  i_un 

It  has  been  proven,  that  radio  transmission  on  millimeter  waves  under  strong  fading 
conditions  can  be  significantly  improved  by  chirp  modulation.  The  needed  sweep  width  for 
relevant  path  differences  of  more  than  1m  is  about  150  MHz  •••  200  MHz.  The  acquisition 
time  of  the  receiver  tracking  loop  mainly  depends  on  the  discriminator  bandwidth. 
Respectable  tracking  performance  can  be  obtained  even  for  a  relative  small  discriminator 
bandwidth  ot  e.g.  20  MHz  (for  a  sweep  width  of  200  MHz  !).  The  transient  responses  of  the 
control  loop  are  hardly  affected  by  the  influence  of  noise. 


H  /  MHz 


Fig. 4  Average  power  of  the  received  signal  level  in  dependence  of 

the  sweep  width  H  and  the  path-difference  As  of  the  reflected 
wave  with  a  reflection  coefficient  of  ;p|  =1. 


Acquisition 


The  behaviour  of  the  control  loop  in  the  locked  condition  is  well  described  by  linear 
control  theory.  In  the  first  step  the  loop  filters  G1 (p)  and  G2(p)  were  designed  for 
this  case.  In  the  next  step,  the  filter  parameters  had  to  be  further  optimized  using 
computer  simulations  based  on  a  complex  receiver  model.  In  this  way,  some  special  effects 
could  be  taken  into  account,  such  as  the  nonlinear  characteristic  of  the  discriminator 
and  the  synchroneous ly  controlled  switch. 

For  such  an  optimized  receiver  some  examples  of  transient  responses  are  presented,  which 
•jive  a  good  insight  into  the  characteristic  behaviour  of  the  control  loop.  All  results 
are  related  to  a  system  with  the  following  data  : 


centre  frequency 
sweep  width 
sweep  frequency 
bit  rate 
I F- f  requency 

discriminator  -  bandwidth 


f  ,  =  37  GHz 

M  1 

H  =  200  MHz 

f  =  1  MHz 

s 

f„ . „  =  300  kHz 
Bit 

fIp  =  10O  MHz 
Bd  =  20  MHz 


The  acquisition  time  mainly  depends  on  the  discriminator-bandwidth  Bp.  For  technical 
reasons  the  bandwidth  Bp  for  an  analog  discriminator  must  be  smaller  than  the  sweep 
width  H.  Hence,  for  certain  time  differences  At  between  the  modulation  waveforms  g^(t) 
and  •  j  t  <  t )  the  nonlinear  part  of  the  discriminator  characteristic  is  effective. 

This  means,  that  the  control  voltage  Up  is  no  longer  proportional  to  the  frequency 
deviation  Ai,  but  considerably  smaller.  As  a  consequence,  the  corresponding  acquisition 
* i me  will  bo  greater  than  for  the  ideal  linear  case. 


Fig. 3a  shows  the  transient  response  for  the  worst  case  fit  =  0.5  Ts  .  The  acquisition  time 
takes  about  BO  sweep  periods  for  a  bandwidth  of  20  MHz.  As  demonstrated  by  the  dashed 
shape,  the  acquisition  time  can  be  reduced  with  increasing  bandwidth  of  the  discriminator 

The  next  t l  jure  3b  illustrates  the  influence  of  noise  on  the  acquisition  behaviour. 

A  signal  to  noise  ratio  of  SNR  =  O  dB  of  the  IF-signal  is  assumed.  In  spite  of  this  noisy 
IF-siqnal,  the  acquisition  is  hardly  affected,  as  a  comparison  with  fig. 5a  shows. 


The  assumption  in  fig. 5a, b  has  been  Afs  =0,  that  is,  the  sweep  frequencies  of  the 
transmitter-  and  the  receiver-modulation  functions  g^lt)  and  g2(t)  are  exactly  the  same. 
However,  it  is  realistic  to  take  a  deviation  of  about  °  into  account  As  a 

consequence,  the  loop  filter  G2(p)  should  include  an  in togral -con t rol led  behaviour,  in 
order  to  yield  no  offset  in  the  loop. 

For  a  comparatively  large  sweep  frequency  deviation  Af  = 5%  the  transient  responses  are 


4;-.? 


is  now  accomplished  by  means  of  a  synchroneous ly  controlled  switch  S,  which  is  on  during 
the  positiv  slope  and  off  during  the  negative  slope  of  the  modulation  waveform  g2<t). 

Thus,  the  output  voltage  of  the  following  low-pass  filter  is  proportional  to  the  time 
diiterence  At  between  g^ft)  and  <3  ( t } -  The  output  voitage  U2  of  the  loop  filter  G^tp) 
controls  the  sweep  frequency  of  tne  triangular-VCO  until  the  control  deviation  Af  will 
be  close  to  zero. 

because  the  centre  frequencies  of  the  RF-osci 1 lators  can  easily  drift  by  about  some  MHz, 
o.  additional  control  loop  is  necessary  to  keep  the  difference  f  f  ,  constant  at  f^p. 

A  suitable  control  variable  is  obtained  by  low-pass  filtering  the  output  voltage  of  the 
Mscr  1  minuter  -  before  the  switch  S  -  ,  because  the  average  value  u_ is  a  measure  of  the 
.:ii:t  deviation  f  j-  f  -f.p.  n'eans  of  an  integrating  loop  filter  G  ^  ( p )  an  offset 
..  is  obtained  and'  addda  to  the1  modulation  function  g^tt).  Through  this  the  centre 
:  t  •  j..eucy  ;  ,  0!  tin-  RF-osci  1  lutor  is  always  controlled  in  such  a  way,  that  the  difference 
:  -  :  v  ,  is  •  an*  and  equal  to  f  , 


Fig.i  Modulation  waveforms  and  frequency  error 


Fading  analysis  with  a  two-path  model 

In  order  to  obtain  an  estimation  of  the  required  sweep  width  H  to  avoid  deep  fadings,  a 
two-path  model  is  assumed.  The  receiving  waveform  s^ft)  is  now  a  superposition  of  the 
direct  path  and  a  reflected  path  with  a  time  delay  t  : 

s  1  ( t)  =  aft)  cos  [wM1t  +  2nJg1(t)]  + 

+  /y~  a  ( t-x )  cos  [wM1(t-T)+2nJg1(t-T)dt+B]  (6) 

where  y  stands  for  the  power  ratio  of  the  reflected  signal  to  the  direct  signal. 

The  time  delay  1  =  As/c  for  relevant  path-differences  As  of  some  meters  is  very  small 
compared  with  the  sweep  period  T  .  E.g.  for  As  = 3m  one  gets  a  time  delay  of  t  = 10  ns  , 
but  the  sweep  period  Ts  has  a  range  of  about  some  us.  As  on  the  other  hand  the  bit 
duration  .  is  greater  than  T?,  aft)  and  aft-r)  in  Eq.(6)  are  practically  identical. 
Thus,  there1  is  no  intersymbol  interference  but  frequency-selective  interference  which 
produces  fadings. 

The  following  expression  gives  the  normalized  power  of  the  signal  in  Eq.(6),  valid  for 
the  two-path  model  : 


P 


1  +  y  +  2  v  y 


sin  Hti 
Uttt 


cos  B 


(7) 


fi  is  a  random  angle  between  0  and  2  tt  .  For  the  worst  case,  B  =  it  and  reflection  coefficient 
,  =1,  the  fadings  are  calculated.  Fig. 4  shows  the  corresponding  curves  depending  on  the 

sweep  width  ii  and  the  path-difference  As.  It  has  been  taken  into  account  that  an 
additional  amount  of  free-space  attenuation  for  the  reflected  path  is  caused  by  an  in¬ 
creasing  As.  Accordingly,  the  power  ratio  y  is  decreasing  with  increasing  As. 

As  a  result  of  fig. 4,  fadings  can  be  reduced  considerably  with  a  suitable  sweep  width  H. 
E.g.,  with  H  = 200  Mifz  fadings  are  limited  to  no  more  than  -5dB,  if  the  path-differences 
are  at  least  0.5m. 


System  description 

Fig.  2  shows  the  basic  conf iguration  of  the  receiver  in  form  of  a  block  diagram.  For 
technical  reasons  a  simple  On-Of f-Key iny  (OOK)  is  used,  i.e.,  the  amplitude  alt)  of  the 
transmitted  carrier  is  switched  between  two  levels,  full  on  and  full  off.  It  must  be 
emphazised,  that  the  concept  described  is  not  only  restricted  to  OOK  but  may  also  be 
applied  to  the  yeneral  amplitude  modulation. 

Generally,  the  received  siynal  can  be  described  as 


s  1  (  t)  =  alt)  cos  [  „M1  t  +  2  r.  |  y  1  ( t)  dt  ] 


In  addition  to  the  amplitude  modulation,  the  carrier  frequency  is  swept  periodically 
about  the  centre  frequency  f^  with  a  trianyular  function  y^lt)  between  f  ^  -11/2  and 
t'.  +H/2  (see  fiy.J) .  The  larger  the  sweep  width  11,  the  more  resistant  against  fading 
the  radio  transmission  will  be.  On  the  other  hand,  a  large  sweep  width  H  leads  to  a  large 
bandwidth.  In  order  to  utilze  the  whole  sweep  width  H  during  one  bit  duration,  the  sweep 

period  T  should  not  exceed  twice  the  bit  duration  T„ . t . 
r  s  Bit 

The  RF  -  osci 1 la tor  in  the  receiver  is  likewise  modulated  by  a  triangular  function  g^lt)  : 

s  2  1 1 )  =  2  cos  +  +  I  2 ) 

Basically,  the  modulation  waveforms  g^lt)  and  cj ^ ( t )  are  the  same.  However,  the  relative 
phase  difference  between  these  two  functions  is  arbitrary  when  turning  the  receiver  on 
(see  fiy.J) .  The  centre  frequency  f  2  of  the  receiver  oscillator  deviates  from  the 
transmitting  centre  frequency  f  ^  by  the  IF  -  frequency  fIf,  : 

fM2  =  fM1  -  f I F  (3) 

Recovery  of  the  baseband  siynal  a(t)  may  be  accomplished  by  using  a  mixer,  as  illustrated 
in  fig. 2.  The  purpose  of  the  following  low-pass  filter  is  to  remove  undesired  spectral 
components  which  are  produced  by  the  mixer.  The  resulting  IF -waveform  at  the  output  of 
the  amplifier  is 

y  ( t)  =  alt)  cos  [  uj  j  pt  +  2u  J  [  y  1  ( t )  —  g  2  1 1 )  ]  dt  -  i  ]  (4) 

The  modulation  function  g2(t)  generated  in  the  receiver  has  now  to  be  automatically 
controlled  in  such  a  way,  that  the  IF-frequency  deviation 

Af  (t)  =  g,  It)  -  g2(t)  (5) 


vanishes.  As  a  result  the  IF-waveform  ylt)  will  have  the  constant  frequency 
In  order  to  obtain  a  suitable  control  signal  a  FM-discr iminator  with  a  centre  frequency 
equal  to  f  is  used.  Its  output  voltage  u  is  proportional  to  the  frequency  deviation 
.’.fit)  .  However,  as  illustrated  in  fig.  3,  tnis  deviation  is  periodic  and  has  an  average 
value  of  zero.  The  desired  phase  detection  between  the  modulation  waveforms  g^t)  and  g2(t) 
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Radio  transmission  on  millimeter  waves  substantially  suffers  from  multipath  propayation 
as  lony  as  obstacles  cannot  be  avoided  in  the  propagation  path.  A  novel  system  concept 
to  overcome  the  fading  problem  will  be  presented.  This  concept  uses  a  broadband  RF- 
transmission  by  chirp  modulation  and  a  respective  correlation  technique  in  the  receiver. 
This  paper  describes  the  transmission  principle  and  the  basic  equipment  functions.  In 
addition,  the  results  of  the  theoretical  investigations  on  the  receiver  signal  processing 
are  presented. 


Introduction 

Wireless  data  transmission  over  short  distances  can  be  accomplished  either  by  radio  or 
by  infrared  links.  Unfortunately,  the  infrared  solution  is  sensitive  against  optical 
interference  (e.y.  sunlight)  and  other  influences  (e.g.  fog). 

An  attractive  solution  of  this  task  is  the  radio  transmission  on  millimeter  waves,  e.g. 

17  GHz  ,  because  the  microwave  integrated  technology  has  made  great  progress  with  regard 
to  a  low  cost  realisation  in  the  last  few  years  (e.g.  finline  structures).  In  contrast 
to  the  MHz-range,  where  already  many  services  are  established,  the  range  about  37  GHz  is 
available  in  most  cases.  Moreover,  this  range  guarantees  sufficient  bandwidth  for  digital 
data  transmission  with  good  performance.  A  further  advantage  is  the  comparatively  strong 
free  -  space  attanuation  at  37  GHz  .  Thus,  the  probability  of  detection  or  interference 
with  other  services  respectively  is  significantly  reduced. 

However,  radio  transmission  on  millimeter  waves  substantially  suffers  from  multipath 
propagation  as  long  as  obstacles  cannot  be  avoided  in  the  propagation  terrain.  That  is 
especially  true  for  omnidirectional  transmission  close  to  the  earth  surface  which  may 
easily  generate  fadings  of  more  than  30  dB  . 

As  an  example,  fig. 1  shows  a  section  of  the  measured  signal  pattern  at  the  receiving 
antenna  for  two  different  frequencies.  The  transmitting  antenna  is  fixed,  whereas  the 
orientation  :  of  the  receiving  antenna  is  varied.  As  can  be  seen,  there  are  many  fadings 
in  several  directions.  However,  the  fading  angles  move,  when  the  frequency  is  changed. 

The  frequency  selectivity  can  now  be  utilized  to  improve  the  reception  quality  under 
fading  conditions.  If  the  carrier  frequency  is  swept  periodically  about  a  certain  centre 
frequency,  the  fadings  or  signal  nulls  are  overrun  and  in  this  way  the  averaged  receiver 
signal  power  can  be  kept  at  an  acceptable  level.  Of  course,  the  receiver  must  be  able  to 
compensate  for  the  transmitted  sweeps.  For  this  purpose  the  receiver  contains  a  control 
loop  to  track  the  transmitting  sweeps. 

The  basic  configuration  of  such  a  receiver  and  the  obtained  tracking  performance  will  be 
presented  in  the  following  sections. 


Fig. 1  Measured  signal  pattern  versus  orientation  ;  of  the  receiving 
antenna  with  fixed  transmitting  antenna. 

- t  —  3  7  GHz  : - f  -  37 .02  GHZ 
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DISCISSION 


.I.N.Hclrn-c,  <  a 

\  o  >ninii. -mi  t.ithci  lli.m  .1  question  f  )f  course.  narrow  band  spread  sped  rum  is  useful  for  combatting  mull  i  pal  li  as  well 
as  >. » •puio  wiili  i.immmg  piuhlenis.  (  an.tdinn  industry  has  in  faet  developed,  through  guidanee  ol  Sherman  (  how.  an 
i  ncuicci  al  (  K<  an  ur  hand  spiead  speetruin  modem,  at  75  baud  rate  in  5  kl  I/.  This  modem  is  eurrently  being 
cv  aluated  lot  III  digital  gi  omul  to  an  eominu  meat  ions.  An  alternative  way  of  combatting  multipath,  which  hits  been 
used  on  a  number  ot  othei  developments  stimulated  by  Sherman  C'ltow.  is  in-band  diversity  frequence  shill  keying,  til 
o t lie t  wouK  two  i  hanncls  m  baiul  ate  useil  in  a  diversity  arrangement  to  combat  multipath.  This  modem  is  used  in  a 
inimbet  ot  appheal ions  t.u  digital  com numieat ions,  and  also  for  control  of  audio  processing  in  the  I  uncompcv  sy  stem. 


(  (loulelard. I  i 

1  would  like  to  ask  the  aulhoi  it  he  is  contemplating  other  techniques  in  order  to  combat  jamming  and  interception. 

I  hete  are  two  problems  lor  those  making  discreet  transmissions.  The  enemy  can  either  jam  us.  or  listen  in  on  what  we 
ate  say  mg.  I  he  narrowband  spread  spectrum  system  that  you  present  is  very  interesting  because  using  different  words 
makes  interception  difficult,  but  with  a  very  good  computer  it  may  be  possible.  What  is  the  merit  of  your  system 
computed  with  higher  spreading  factors,  sav  one  thousand  or  even  one  million,  which  makes  the  transmission  very 
discreet  since  it  is  far  below  the  noise  level  and  haul  for  the  enemy  to  detect. 

\uthiir's  Reply 

t  >n  the  first  part  of  your  question.  I  think  that  to  have  a  system  with  good  anti-jam  capability  and  perhaps  also  good 
anti-multipath  capability  it  is  necessary  to  combine  the  different  kinds  of  techniques  that  have  been  described,  such  as 
coding,  null-steering  antennas,  spread  spectrum,  etc.  We  have  considered  complete  systems  in  which  none  of  these 
features  is  too  expensive,  so  each  feature  gives  us  say  It)  dB  or  so.  in  that  order.  It  is  much  more  difficult  for  a  hostile 
lanimei  to  jam  an  equipment  whose  anli-|am  capability  is  based  on  a  variety  of  techniques  and  can  react  flexibly. 

I  he  second  part  was  the  spi ending  factor.  I  think  it  is  a  problem  lor  these  microwave  systems.  I  pointed  out  that  if  you 
had  a  very  crowded  frequency  band,  and  if  you  now  use  spreading  factors  to  bring  your  system  power  density  just  below 
the  noise  level,  then  noise  from  all  the  systems  you  have  in  this  bandwidth  will  add  up  and  so  you  will  jam  yourself,  in 
cited. 


(.(foutelard 

What  you  say  is  quite  correct.  On  the  other  hand  a  much  broader  spread  spectrum  can  give  much  better  protection 
against  interception.  I  lowevcr.  synchronisation  becomes  a  major  problem.  What  do  you  think  about  that? 

Author's  Reply 

We  have  done  some  research  on  synchronisation  sy  stems  but  there  is  not  time  to  discuss  it  here.  1  agree  with  you  that  we 
alway  s  have  to  find  a  reasonable  balance  between  synchronisation  problems,  bandwidth  considerations,  anti-jam 
capability,  and  perhaps  a  few  other  factors.  It  is  a  problem  to  find  a  reasonable  balance  between  these  different  factors. 


nc  =  10  ,  mc  r  5 


Coherent  FH  system;  Fig.  13:  Noncoherent  FH  system;  CW-jammer 

gaussian  jammer 


!  nc  =  10  t  mc  =  5 


Noncoherent  FH  system; 
g  a  u  f>  s  i  a  n  jammer 
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types  and  system  sensitivities  to  man-made  interference;  and  multipath  effects,  dispersion,  fading 
rates,  medium  coherent  bandwidth,  channel  models,  and  system  sensitivities  to  these  effects.  The 
meeting  also  reviewed  systems  designed  to  counter  the  above  effects,  including  the  various  kinds  of 
adaptive  systems,  and  assessed  the  performance  improvements  which  can  be  provided. 
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